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For now, extensive effort has been put on resistive random access memory devices 
(RRAM) due to the advantages of low energy consumption, fast writing & erasing 
speed, large storage capacity, and excellent scalability. To explore the resistive 
switching (RS) of the RRAM device with lower economic cost and higher 
manufacturing efficiency, the emerging solution-processed (SP) spin-coating technique 
was utilized to fabricate RS layers. The primary research work in this thesis mainly 
focused on the electrical and artificial synaptic performance of RRAM devices with 
their RS layers fabricated by the SP spin-coating technique, which was divided into 
Phases 1, 2, and 3). In Phase 1(Chapter 2) of this thesis, RRAM devices with the 
structures of Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt were investigated with their 
performance variation and the Ni/SP-AlOx/Pt device showed better performance with 
lower operation voltage, which was associated with the different work functions (ΦM) 
of Ni and TiN. The electrical performance of the Ni/SP-AlOx/Pt devices was evaluated 
with the SP-AlOx layers annealed at 225°C, 250°C, and 275°C. The final results 
revealed that the performance of the SP-AlOx layers and the RRAM devices was 
influenced by the concentration of hydroxyl group (-OH) in the RS layer, higher -OH 
concentration in the SP-AlOx layer indicated that more oxygen vacancies were 
generated during the RS process. In Phase 2 (Chapter 3) of this thesis, improvement 
methods were used to enhance the electrical performance of the new RRAM device. Ni 
was replaced by Ag, and Pt was replaced by ITO. The RS layer with a single SP-AlOx 
thin film was replaced with a stacked layer with the SP-GaOx/SP-AlOx thin film. The 
improved RRAM device with the structure of Ag/SP-GaOx/SP-AlOx/ITO was 
fabricated and the device showed a lower operation voltage, a larger ON/OFF ratio, 
longer retention time, and more endurance cycles. In Phase 3 (Chapter 4) of this thesis, 
based on the enhanced electrical performance in Phase 2, the multi-level states of 
current and conductance for the Ag/SP-GaOx/SP-AlOx/ITO RRAM device were 
confirmed and indicated the great potential of the Ag/SP-GaOx/SP-AlOx/ITO RRAM 
device as the artificial synaptic devices. Related artificial synaptic behaviors of the 
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Ag/SP-GaOx/SP-AlOx/ITO RRAM device were investigated based on the multi-level 
conductance response to electrical pulses, including excitatory postsynaptic current 
(EPSC), short-term plasticity like paired-pulse facilitation (PPF), long-term plasticity 
like long-term potentiation (LTP) and long-term depression (LTD), and spiking-timing-
dependent plasticity (STDP). By modulating input pulses, the short-term plasticity of 
the Ag/SP-GaOx/SP-AlOx/ITO RRAM device transit to the long-term potentiation, an 
integrated RRAM array comprising of multiple devices emulated the biomimetic 
human-brain-like behaviors of ‘learning - forgetting - relearning - memorizing’. In 
addition, with significant parameters obtained in LTP and LTD performance of the 
Ag/SP-GaOx/SP-AlOx/ITO RRAM device, a pattern recognition system based on the 
artificial neuron network (ANN) algorithm was carried on handwriting Arabic numbers 
0 ~ 9. The final average accuracy was about 94% and the highest accuracy was ~ 98%. 
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Chapter 1: Background and introduction  
1.1 Review of RRAM devices 
1.1.1 Background and overview 
With the mass production and commercial application of integrated circuit (IC) chips 
fabricated with 7 nm technology, the exploration of semiconductor processes has 
mainly focused on 5 nm technology nodes and smaller technology processes. [1-3] The 
increasing requirements for device miniaturization make the memory industry, a branch 
of the IC industry, face unprecedented challenges. The size limitation of silicon-based 
materials has indicated that the storage density of traditional silicon-based volatile 
memory devices has been getting closer to the intrinsic limit of its materials. [4] As one 
of the significant components of the computer, the memory is responsible for some 
primary work such as the storage of original data, the intermediate operating process of 
the calculation program, and the final output of operation result, which makes the 
computer realize the memory function. [5, 6] According to the length of information 
retention time, the memory is divided into two types, volatile memory (VM) and non-
volatile memory (NVM). [7, 8] As illustrated in Fig. 1-1, the VM device is characterized 
by the loss of stored information after a power failure, and its main function is to store 
programs that are used for a short period of time, such as static random access memory 





Figure. 1-1 Schematic view of VM and NVM devices with conventional and emerging technologies. 
[10, 11] 
 
For the NVM device, the information is still stored after a power failure, such as flash 
memory, phase-change memory (PCM), and resistive random access memory (RRAM), 
etc. [5, 10, 11] With the increasing popularity of portable electronic devices such as mobile 
phones and digital cameras, NVM devices are also playing an increasingly important 
role. DRAM, which currently occupies a dominant position in the commercial market, 
needs to maintain a certain voltage during the operation process to preserve the 
information stored in it due to its inherent volatility. [12, 13] This property not only brings 
extra power consumption to the circuit but also results in a burden to the integration 
density of the circuit. [12, 13] Although traditional NVM devices such as flash memory 
are non-volatile, their long response period (~ 100 μs) and low capacity of 
erasing/writing processes (~105) still cannot meet further demands. [14, 15] Hence, it is 
necessary to explore the emerging NVM device with a simpler structure, a smaller 
device size, a faster operating (erasing/writing/reading) speed, lower power 
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consumption, higher storage density, and better CMOS compatibility. As 
representatives of the new generation of NVM devices, devices like ferroelectric 
random access memory (FeRAM), magneto-resistive random access memory (MRAM), 
spin-transfer torque random access memory (STT-RAM), and RRAM have received 
widespread attention, which has been presented in Table 1-1. [10, 11] However, it is hard 
to realize the further size miniaturization on FeRAM and MRAM while the fabrication 
cost of STT-RAM is relatively higher. [11, 13, 15] Therefore, more researchers have put 
their effort into RRAM devices due to their excellent prospects for miniaturization and 
economic cost reduction.  
 
Table 1-1. Figure of merit (FoM) comparison among main conventional and emerging memory 
devices [10, 11] 
FoM SRAM DRAM Flash 
NAND 
RRAM FeRAM PCM STT-
MRAM 
Density (bit/chip) ~ 10 MB ~ 10 GB ~ 10 GB ~ 1 GB ~ 1 MB ~ 10 GB ~ 100 MB 
Technology feature size F (nm) 16 15 15 16 65 20 22 
Cell size (F2) > 100 ~ 10 ~ 5 ~ 20 ~ 40 ~ 20 ~ 40 
Operation speed (write time) ~ 10 ns ~ 10 ns ~ 100 μs ~ 1 ns ~ 100 ns ---------- ---------- 
Program power/bit ~ 10 pJ ~ 10 pJ ~ 10 nJ ~ 10 pJ ~ 1 pJ ~ 1 nJ ~ 1 pJ 
Retention time (y:years) Volatile Volatile > 10 y > 10 y > 10 y > 10 y > 10 y 
Endurance cycles ~ 1015 ~ 1015 ~ 105 ~ 109 ~ 1015 ~ 108 ~ 1015 
Price ($/GB) < 100k ~ 10 ~ 1 ~ 1k ~ 100K ~ 100 ~ 10k 
 
The simple sandwich structure of metal-insulator-metal (MIM) has become the classic 
structure of two-terminal RRAM devices, which stems from the achievement of 
Hickmott et al.. Hickmott et al. discovered the resistive switching (RS) performance 
during the research progress on devices with structures of Al/SiO/Au, Al/AlOx 
(Aluminum oxide)/Au, Ta/TaOx/Au, Zr/ZrOx/Au, and Ti/TiOx/Au in 1962 for the first 
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time. [16] They put primary effort into the RS performance of devices with AlOx layers 
and then explained device behaviors with space-charge-limited current (SCLC) theory, 
dielectric breakdown theory, and oxygen-vacancy drift theory. Although the largest 
ON/OFF ratio of their device was only ~ 30, this astonishing work provided the 
technical foundation of the development of RRAM devices, as illustrated in Fig. 1-2a. 
[17-19] In 1971, Chua proposed the concept of ‘memristor’, which was used to describe 
the connection between charge and magnetic flux. At that time, it was accepted that one 
circuit should be determined by four components, including voltage (v), current (i), 
charge (q), and magnetic flux (φ). The relationship between i and v was defined as a 
resistor. The connection between q and v was defined as a capacitor while the link 
between i and φ was an inductor. Chua believed that there should be a component that 
could be used to describe the relationship between φ and q, which was defined as a 
memristor. [10, 11] Essentially, the definition of memristor linked the magnetic magnitude 
of the flux and the time-integral mathematical magnitude of the device voltage. [11] 
Based on Chua’s perspective, the current across a memristor device could change the 
resistance state of the device and the resistance state would be maintained even without 
the following current. With the reversed current, the resistance state of the device would 
transfer back to the previous state, which indicated that the resistance state of a 
memristor device changed with the change of the current across the device and provided 
the theoretical foundation of the research of RRAM devices, as illustrated in Fig. 1-2b. 
[20-23] After the 1980s, a large number of researches on RRAM were mainly carried out 
on the switching mechanism, and various materials were involved. Apart from metal 
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oxide (MO) reported before, other materials like amorphous silicon, metal sulfide, and 
polymer also received attention. At the end of the 1990s, the research bottleneck of 
classical physics and traditional materials science has begun to limit the development 
of Moore's Law, which indicated that the miniaturization of traditional silicon devices 
would approach the physical limitation. It is necessary to explore new structures and 
emerging materials. After 2000, the research of RRAM devices has involved more 
emerging materials such as perovskite materials, low-dimensional materials, and 
biological materials. [10, 11, 24-29] Devices based on different materials showed unique 
differences in electrical properties, which resulted in obvious different interpretations 
of the switching mechanism. So far, although there are no specific conclusions and 
standards for the interpretation of switching mechanism, it can be roughly summarized 
into several classifications: thermal-chemical mechanism (TCM), valance change 
mechanism (VCM), and electrochemical metallization (ECM), which had been 
reviewed in my published work. [10, 11] The investigation of TCM theory mainly focuses 
on the formation and rupture behavior of conductive filament (CF), which is not related 
to the bipolar or unipolar switching characteristics of the devices. [30-32] For the VCM 
theory, the main research objectives are defects and vacancies related to oxygen 
elements in the switching layers, which are always determined by the electrochemical 
reaction. Compared with the RRAM devices based on TCM, the materials activity 
variation between top and bottom electrodes is not required for the VCM-based RRAM 
devices. [33-38] Unlike TCM and VCM, ECM has received the most extensive 
recognition. The ECM theory is proposed on the basis of the cation migration 
22 
 
phenomenon and electrochemical reaction that occurred in the switching layers, which 
is always employed to explain the working principles of RRAM devices with active 
electrodes like silver and copper. [39-45] Among these main mechanism theories, the 
TCM is also known as the CF mechanism, which included non-metal-vacancy CF and 
metallic CF. [5, 46-50] In this thesis, I will focus on the switching mechanisms comprising 
of non-metal-vacancy CF based on oxygen vacancy and metallic CF based on silver 
(Ag) atom, and related work has been published as journal papers. [51] 
 
 
Figure 1-2. (a) Technical and (b) theoretical foundation of the development of RRAM devices. [10, 
11, 17-19] 
 
During the developing progress of RRAM devices, apart from the research of physical 
mechanisms and emerging materials, a growing number of researchers have put their 
interest into the bionic neuromorphic network circuit of artificial intelligence due to the 
RS behavior. [51-54] The aim of exploring the bionic neuromorphic network circuit is to 
emulate the functions and behaviors of the human brain with electronic devices. RRAM 
devices can emulate the functions of artificial synapses in the neuromorphic network, 
which can be responsible for connecting the artificial neurons and information storage 
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units. [52-57] The excellent scalability and the promising prospect of miniaturization are 
helpful to enhance the artificial synapse density of the bionic neuromorphic network 
circuit and it is likely to approach a density close to that of the biological synapses in 
the human brain (~1010 / cm2). [5, 6, 58, 59] Besides, with the low power energy, fast 
operation speed, and low economic cost, RRAM devices also have a positive influence 
on program efficiency and cost-effectiveness of the artificial neuromorphic network 
systems.  
1.1.2 FoM of RRAM devices 
As mentioned in Table 1-1, it is very important to evaluate the electrical and extend the 
performance of an RRAM device with some primary FoM. As illustrated in Fig. 1-3, 
some primary FoMs have been presented, which are associated with the operation 
voltages of SET and RESET operations during the RS process. Operation voltage, 
operation current, ON/OFF ratio, endurance & retention, and operation speed will be 
introduced in the next section. Works in Chapters 2-4 will also focus on these key 





Figure 1-3. Primary FoM in the assessment of the electrical performance of RRAM devices. 
 
Operation Voltage 
In general, the SET process is always induced by applying the positive voltage bias 
onto the top electrode (TE), and then the device switches from the initial high-
resistance-state (HRS) to the low-resistance-state (LRS). The voltage when the device 
has just reached the LRS is defined as the SET voltage (VSET) and the voltage sweeps 
from 0 V to VSET. After reaching the LRS, the resistance state of the device transfers 
back to the HRS with the voltage swept from VSET to 0 V. In the practical experimental 
process, a compliance current (ICC) is always applied to prevent the device from 
breakdown. Usually, when the current of SET operation reaches ICC, the RRAM device 
is considered as the LRS. After reaching 0 V, the positive voltage bias is followed by a 
voltage in the negative direction and induces the RESET process. With the negative 
voltage sweeps from 0 V to the RESET voltage (VRESET) and then back to 0V, the change 
of the RRAM device resistance state is demonstrated as HRS-LRS-HRS. In other words, 
The RRAM device switches from HRS to LRS with the effect of the SET operation 
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while it switches back to HRS under the effect of the RESET operation. Therefore, two 
switching modes are defined: unipolar and bipolar modes. As illustrated in Fig. 1-4, the 
unipolar RS mode is only associated with the voltage amplitude and a unipolar device 
is usually fabricated with the same materials in TE and BE, which is always found in 
RRAM devices with the symmetric sandwich structure. [19, 60-65] While the bipolar RS 
mode is controlled by the voltage polarity and the bipolar RRAM devices always 
demonstrate the asymmetric structure. [6, 10, 11, 19, 60-65] In general, for a bipolar RRAM 
device, three main forms of structural asymmetry have been noticed. The first one is 
that there is an obvious difference in materials activity between TE and BE, which is 
also the most common form. The second one is that the device needs to be formed or 
initialized with a large voltage before it can enter the steady state of the operation. The 
last one is that the dielectric layer of the device forms two different interfaces due to 
plasma oxidation during the working process. [65-70] Compared with the last form, the 
previous two forms are relatively more common. [64-66] 
 
 





For the same RRAM device, there is an inseparable relationship between operation 
voltage and operation current. As mentioned before, ICC in the SET process is an 
effective barrier to the normal operation of the device. For the RESET process, the 
operation current is usually defined as the maximum value that the device switches 
from LRS to HRS. [61, 63, 67] On the one hand, the greater the operation current flowing 
through the device, the easier it is for the device to fail. On the other hand, the power 
consumption of the device may also increase unnecessarily due to the increase of the 
operation current. [6-8] Therefore, the smaller the operation current can reduce the power 
consumption of an RRAM device while ensuring stable operation of the device. 
 
ON/OFF Ratio 
The ON/OFF ratio is also called the switching ratio, which is defined as the ratio value 
between a high resistance value and a low resistance value read at the same voltage. [19, 
51, 53] Compared with conventional memory devices like flash and DRAM, the larger 
ON/OFF ratio is always observed on RRAM devices. The larger the ON/OFF ratio, the 
better it is for the external circuit to identify the storage state of the RRAM device. In 
general, the ON/OFF ratio of an RRAM device is larger than 103, the highest one can 
be up to 1011. [19, 51, 53, 61-63] The larger ON/OFF ratio not only increases the probability 
of multi-level resistance or conduce states but also provides great potential for the 
application of artificial intelligence hardware. 
 
Endurance and Retention 
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Endurance (write endurance) and retention (data retention) properties are always 
compared together to evaluate the stability and reliability of an RRAM device. [48, 52, 61] 
Endurance is defined as the cycle number of the RRAM device switches between HRS 
and LRS. Values of high and low resistance can maintain a stable state to a certain 
extent, respectively. The endurance cycles are also considered as the number of times 
the RRAM device can be erased and written repeatedly. [63-65] Compared with flash 
memory, the endurance cycles of the RRAM devices have been more than 106 and the 
cycles of the RRAM devices based on TaOx materials fabricated by SAMSUNG have 
been over 1012. [19, 61, 63-65] Compared with the endurance property that focuses on the 
cycle number of erasing and writing operations, the research on the retention 
performance pays more attention to the time that the device can maintain resistance 
values at LRS and HRS, respectively. Generally, the stable states of HRS and LRS 
values of the device are evaluated by the distribution statistics of the corresponding 
resistance values. [68] The retention time is one of the most vital parameters to assess 
the non-volatility of an RRAM device. Theoretically, the retention time should be over 
10 years even the environment temperature at 85°C. [53-55] During the experimental 
process, it is hard to continuously measure a device with 10 years. Hence, the practical 
retention time is obtained by extension of the measurement data or by estimating the 






The speed of erasing and writing operations is used to evaluate whether an RRAM 
device has the ability of fast-data-processing. [57, 63, 68] Currently, the operation speed of 
a DRAM device is lower than 10 ns while that of a flash memory device is over 10 μs, 
which results in that the DRAM is usually selected as the internal memory while the 
flash memory is chosen as the external memory of the computer. [5, 7, 16] At present, the 
operation speed of some RRAM devices have been less than 10 ns, or even as fast as 
~1ns, which has exceeded the operation speed of DRAM. [60, 68] Williams et al. from 
HP Lab have reported that their RRAM device based on TaOx materials could complete 
the SET and RESET operations within 105 ps and 120 ps, respectively, which revealed 
the outstanding potential of RRAM devices as the high-speed memory. [61, 62, 64] Here, 
an FoM comparison among RRAM devices with various materials were presented in 
Table 1-2 below.  
 



















Ni/AlOx/Pt bipolar ~40 Free ~1.0 ~-1.0 ~103 >150 >104 [71] 
TaN/HfO2/ 
Al2O3/ITO 
bipolar ~6 ~4.5 ~1.5 ~-1.0 ~102 >100 >2x103 [72] 
Ti/IL-NiO/Pt bipolar ~50 Free ~0.5 ~-1.5 ~103 >1300 >104 [73] 
FeNi/Al2O3/NiO
/Pt 
bipolar ~180 ~4.07 ~6.0 ~-5.0 ~103 >100 >104 [74] 
Au/TiOx/ 
TiOy/Au 
bipolar ~50 ~5.62 ~1.0 ~-2.0 ~102 N. A. N. A. [75] 
Ni/SiGeOx/ 
TiOy/TiN 
bipolar ~25 Free ~3.0 ~-2.5 ~103 >104 >105 [76] 
Ti/HfO2/TiN bipolar ~15 ~6.5 ~1.0 ~-0.8 ~10 N. A. N. A. [77] 
Pt/Hf/HfO2/TiN bipolar ~20 Free ~0.8 ~-1.5 ~102 N. A. >106 [78] 
Pt/Ta/HfO2/ 
TiN 





bipolar ~9 ~2.3 ~2.0 ~-2.0 ~104 >100 >104 [79] 
TiN/ZnO/ 
TiN 




bipolar ~15 ~5.0 ~1.0 ~-1.0 ~102 >104 >104 [80] 
ITO/ZrO2/Ag bipolar ~50 N. A. ~5.0 ~-15.0 ~105 >100 >104 [81] 
Pt/N:ZrO2/ 
TiN 
bipolar ~25 ~3.6 ~0.5 ~-1.0 ~102 N. A. N. A. [82] 
Ag/SiO2/Pt bipolar ~80 N. A. ~0.5 ~-2.0 ~106 >40 >2x103 [39] 
ITO/LaAlO3/IT
O 
bipolar ~30 ~3.2 ~3.0 ~-3.0 ~102 >100 N. A. [83] 
Cu/Cu:LaAlO3/
Pt 
bipolar ~10 ~ 7.0 ~2.0 ~-2.0 ~103 >110 >104 [84] 
GNR/SrTiO3/G
NR 
bipolar ~50 N. A. ~2.0 ~-3.0 ~10 >200 >104 [85] 
Pt/GO/PCMO/P
t 
bipolar ~25 Free ~1.0 ~-1.0 ~102 >150 >104 [86] 
Pt/BiFeO3/Pt unipolar ~200 N. A. ~5.0 ~-15.0 N. A. N. A. N. A. [87] 
Ag/ZnO/BiFeO3
/ZnO/Ag 
bipolar ~270 Free ~2.0 ~-2.0 ~10 N. A. N. A. [88] 
Ag/Ag2Se/ 
MnO/Au 
bipolar ~40 Free ~0.8 ~-0.6 ~102 >800 >104 [89] 
TiN/SLG/HfO2/
Pt 
bipolar ~35 ~5.0 ~2.0 ~-3.0 ~102 >120 >106 [90] 
Ti/MoS2-
rGO/ITO 
bipolar ~60 Free ~0.5 ~-0.4 ~10 >200 >104 [91] 
Au/CsPbBr3/IT
O 
bipolar N, A. Free ~1.0 ~-1.0 ~104 N. A. >1200 [92] 
 
1.2 Review of solution-processed techniques 
Generally, the performance of an RRAM device is always determined by the 
characteristic of the RS layer, which is associated with the fabrication methods. In the 
past several decades, some conventional fabrication methods like atomic layer 
deposition (ALD) and chemical vapor deposition (CVD) have been applied to the 
fabrication process of RS thin film layers with various materials. [8, 10, 11] RRAM devices 
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fabricated with ALD and CVD have demonstrated stable electrical performance. [93-96] 
At present, some emerging fabrication methods have received extensive attention, 
including liquid-phase exfoliation (LPE), nucleation & growth, and solution-processed 
(SP) techniques. [11] Methods like and nucleation & growth are mainly utilized to 
develop graphene and related materials while SP techniques are more universal for most 
materials, including MO, perovskites, 0D quantum dot (QD), 1D nanowire (NW), 2D 
nanosheet, organics, and biopolymer materials. [97-105] RS thin film layers fabricated 
with SP methods have benefits like excellent extensibility, outstanding compatibility 
with external hardware devices, low economic fabrication cost, high fabrication 
efficiency, and high tolerance to the manufacturing environment. [49, 106-108] Besides, 
compared with RS thin films fabricated with conventional methods like ALD and CVD, 
RS thin films fabricated through SP methods require much lower temperature and less 
energy consumption during the manufacturing process, which indicates the higher cost-
effectiveness while revealing the environment friendliness. [106-108] Currently, SP 
techniques have been divided into two primary categories: coating and printing. 
Coating SP techniques including spin-coating, dip-coating, and drop-casting have 
received more interest due to the ease of operation, the mature experience of the film-
forming process, and controllable quality of formed films. [11, 61, 106] While printing SP 
techniques comprising of inkjet printing, aerosol jet printing, screen printing, and 
electrohydrodynamic (EHD) printing might be relatively emerging. [49] Also, printing 
SP techniques have advantages like low manufacturing cost, low demand for raw 
materials, and ease of pattern deposition. [49, 106, 108] In Table 1-3, a specific comparison 
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among several coating SP techniques has been presented, which was also summarized 
in my published review. [10, 11, 49, 106-108] 
 
Table 1-3. Specific comparison among several main coating SP techniques 
Item Spin-coating Drop-casting Dip-coating 
Fabrication cost Low Low High 
Fabrication equipment Spin coater, syringe Dropper Dip coater 
Fabrication time < 1 hour < 1 hour > 2 hours 
Dielectric performance Uniform/thick Heterogeneous/thick Uniform/thick 
Device performance Retention time > 104 s 
Endurance cycles > 100 
Retention time < 104 s 
Endurance cycles < 100 
Retention time < 104 s 
Endurance cycles < 100 
 
In this thesis, all RRAM devices with SP RS layers utilize the most popular spin-coating 
method. Before the thin film deposition, the precursor solution comprising of various 
solutes and solvents is prepared. After the spin-coating process, the semi-finished 
device with the spin-coated precursor solution is annealed at the desired temperature. 
Hence, the thickness of the formed thin film and the device performance is influenced 
by the concentration/viscosity of the precursor solution, the speed of the spin-coating 
operation, and the annealed temperature, which will be discussed in the following 
chapters.  
1.3 Objectives of the thesis 
As discussed before, the great potential of RRAM devices and the benefits of SP 
methods have been revealed. It is worth considering using SP methods to realize the RS 
behavior of dielectric layers. My published review has presented the material 
classifications of all RS layers, including organics (PVK-C60, PVA, and protein) and 
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inorganics (AlOx, CsPbBr3, and graphene oxide). [10, 11, 16, 24, 25] Among various materials, 
the RS behavior was observed in the inorganic MO materials for the first time. Also, 
many researchers have proved the reliability and stability of RRAM devices with MO 
(such as AlOx, HfOx, NiOx, ZnO, and TiOx) RS layers, and most devices worked with 
MO RS layers fabricated with ALD methods. Besides, for two devices with the total 
same materials but different fabrication methods (SP and ALD methods) for the RS 
layer, the device with the SP RS layer always demonstrated a larger ON/OFF ratio when 
the energy consumption of these two devices are very similar. [16, 61, 62] 
 
In this thesis, the AlOx materials were chosen as the candidate of the RS layers and the 
AlOx layers were fabricated with the SP spin-coating method. As a compound with high 
hardness, AlOx has got attention before due to its application as the gate insulator. The 
benefits like chemical corrosion resistance, high-temperature tolerance, a high 
dielectric constant of ~ 8, and a wide bandgap of ~ 8.9 eV demonstrated excellent 
chemical and physical properties of AlOx materials. [109-113] Some researchers proved 
the good stability and compatibility of AlOx with Si or Pt substrate under a high thermal 
environment. Besides, due to the better elasticity and toughness, AlOx materials have 
been also utilized in electronic devices to alleviate the impact of the external vibration 
and stress environment. These properties have indicated the appropriateness of 
selecting AlOx as the RS layer in an RRAM device.  
 
In Chapter 2, the RRAM device with the structure of Nickel (Ni)/SP-AlOx/Platinum 
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(Pt) and TiN/SP-AlOx/Pt were fabricated to investigate the electrical performance and 
related papers have been published. [110, 112] The objective of this chapter was to explore 
a probable fabrication environment for RRAM devices with SP-AlOx layers. For the 
Ni/SP-AlOx/Pt device, three main kinds of SP-AlOx-based RRAM samples were 
investigated and SP-AlOx layers were annealed at the different desired temperatures 
(225 °C, 250 °C, and 275 °C). All devices demonstrated bipolar RS performance. 
However, performance variation was also obtained due to the variation of the annealing 
temperature of RS layers. The Ni/SP-AlOx/Pt device with the 250°C annealed SP-AlOx 
layer displayed excellent RS behavior with the VSET lower than 1.5 V and the ON/OFF 
ratio larger than 102. The retention time was longer than 104 s and the endurance cycle 
was over 150. Related results indicated that the 250°C annealing temperature might be 
one of the most appropriate fabrication conditions for SP-AlOx RS layers. In addition, 
the TiN/SP-AlOx/Pt RRAM devices were manufactured to compare with Ni/SP-
AlOx/Pt devices. The fabrication conditions of TiN/SP-AlOx/Pt RRAM devices for each 
sample were as same as that of Ni/SP-AlOx/Pt devices. The investigation of TiN/SP-
AlOx/Pt devices also verified the excellent performance of devices with the 250°C 
annealed SP-AlOx layers. In addition, the variation between Ni and TiN revealed that 
the work function difference (∆ΦM) between TE and BE could influence the electrical 
performance of the RRAM devices. [110, 112] 
 
In Chapter 3, with the basis of research on RRAM devices with a single SP-AlOx layer, 
I explored the electrical performance improvement of RRAM devices with stacked SP 
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RS layers and related results have been published. [51] Before the research on RRAM 
devices with stacked SP RS layers, I characterized some samples with single SP RS 
layers in terms of various materials, including gallium oxide (GaOx), indium oxide 
(InOx), and graphene oxide (GO). After the comprehensive comparison and 
consideration, the SP-GaOx layer was selected as the upper part of the total SP RS layers, 
which formed the stacked SP-GaOx/SP-AlOx layer. Besides, silver (Ag) was chosen as 
the TE instead of Ni and TiN. Related results with improvement operations indicated 
that the Ag/SP-GaOx/SP-AlOx/ITO device displayed the bipolar RS behavior with a 
lower operation voltage of ~ ±0.6 V, a larger ON/OFF ratio of ~ 2×104, a longer 
retention time of ~ 2×104 s, and more retention cycles over 200. [51] 
 
The improved electrical performance indicated that it was easier to explore the potential 
of RRAM devices with SP RS layers as the artificial synaptic devices. Therefore, in 
Chapter 4, published investigation and discussion about the artificial synaptic 
performance of the Ag/SP-GaOx/SP-AlOx/ITO device were presented. [51, 114] During 
the measurement of current-voltage (I-V) for the device, the multiple-state RS 
performance was obtained, which indicated the capability of multi-level storage and 
multi-level conductance states at the same time. The conductance change with multiple 
states is always considered as the foundation of biomimetic synaptic behavior. Then, 
the measurement of pulse response was carried out, which resulted in the typical 
excitatory postsynaptic current (EPSC) and emulated the basic function of an artificial 
synapse. The device also demonstrated synaptic response variation to the input pulses 
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with different pulse magnitudes and pulse widths. After that, the long-term plasticity of 
the Ag/SP-GaOx/SP-AlOx/ITO RRAM device was obtained, including the long-term 
potentiation (LTP) and long-term depression (LTD). With the classic long-term 
plasticity, an Ag/SP-GaOx/SP-AlOx/ITO RRAM matrix with the desired shape was used 
to emulate the biomimetic transition from short-term memory (STM) to long-term 
memory (LTM). At last, an artificial neuron network (ANN) was established with key 
parameters from the synaptic performance of the RRAM device and then completed a 
pattern recognition process on Arabic numbers from 0 to 9. The average value of the 
recognition accuracy was around 90% and the highest one was up to 96%. [51, 114] 
 
In Chapter 5, the final conclusions were presented and related discussion on the 
outlook and development of artificial synaptic electronics was included. 
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Chapter 2: Electrical performance for RRAM devices with solution-
processed AlOx dielectric 
In this chapter, the electrical performance of RRAM devices with structures of Ni/SP-
AlOx/Pt and TiN/SP-AlOx/Pt were researched in terms of bipolar I-V characteristics, 
voltage distribution, resistance distribution, endurance, and retention. For Ni/SP-
AlOx/Pt devices, the SP-AlOx layers were annealed at 225°C, 250°C, and 275°C. The 
device with a 250°C annealed SP-AlOx layer displayed the best performance with the 
lowest operation voltage, the longest retention time, and the most endurance cycles. A 
similar performance was also observed in TiN/SP-AlOx/Pt RRAM devices and the 
TiN/SP-AlOx/Pt device with a 250°C annealed SP-AlOx layer also displayed the best 
electrical performance. While TiN/SP-AlOx/Pt RRAM devices at various annealing 
temperatures showed higher operation voltages than Ni/SP-AlOx/Pt samples with SP-
AlOx layers annealed at all temperatures. This performance variation was explained 
with the influence of ∆ΦM of TE and BE. In addition, the performance variation of 
devices with the same TE but the RS layer annealed at different temperatures were also 
discussed with the X-ray photoelectron spectroscopy (XPS) results, which was 
associated with the concentration variation of the hydroxyl group (-OH). [10, 110, 112] 
 
2.1 Experimental 
2.1.1 Preparation of AlOx precursor solution 
As mentioned above, all RS layers in this thesis were fabricated with the SP spin-
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coating method. The SP-AlOx layer was deposited from the precursor solution 
comprising of ~ 5 mL deionized (DI) water (solvent) and ~ 4.6765 g aluminum nitrate 
nonahydrate (Al(NO3)3·9H2O) powder (solute). With the magnetic stirring process, the 
2.5 M precursor solution was stirred for about ~ 20 min until it was clear and transparent. 
The stirring temperature was the ambient temperature. The 2.5 M concentration of the 
AlOx precursor solution was calculated from the equation 2-1 (Eq. 2-1) below, 
 






where M was the molar concentration of AlOx precursor, m was the mass of 
Al(NO3)3·9H2O, n was the molecular weight of Al(NO3)3·9H2O, and v was the volume 
of DI water. Finally, the concentration of AlOx precursor M was calculated as 2.5 M. 
 
2.1.2 Fabrication of the Ni/SP-AlOx/Pt RRAM device 
The substrate layer Pt (Pt/Ti/SiO2/Si) was ultrasonically cleaned in acetone, ethanol, 
and DI water, respectively. The ultrasonic cleaning process in each cleaning solvent 
was ~ 30 min to remove organic and inorganic impurities attached to the surface of the 
Pt layer. The cleaned Pt substrate was dried in a nitrogen environment until the 
remaining moisture was completely evaporated. To enhance the hydrophilia of the Pt 
layer, the dried Pt substrate was treated in a vacuum with a hydrophilic operation in a 
PLASMA cleaner (PDC-002 HARRICK PLASMA) for ~ 30 min. Herein, some 
induction and discission on the hydrophilic operation were presented. At first, 
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hydrophilic treatment is one of the common methods in the handling process of thin-
film devices [115-121]. Hydrophilic treatment aims to change the hydrophilicity of 
materials [118-121]. Hydrophilicity means that molecules with polarizing groups have a 
strong affinity for water and can attract water molecules or dissolve in water [119]. It is 
a physical property that allows molecules to form short-term bonds with water through 
hydrogen bonds [116, 117]. Due to thermodynamics, this molecule is not only soluble in 
water but also soluble in other polar solutions [115-118]. A hydrophilic molecule, or the 
hydrophilic part of a molecule, can polarize, make it form hydrogen bonds, and make 
it more soluble in water in oil solutions or other hydrophobic solutions [115-117]. 
Hydrophilic and hydrophobic molecules can also be referred to as polar and non-polar 
molecules, respectively [115, 116, 120, 121]. Many hydrophilic groups, such as hydroxyl, 
carboxyl, amino, and sulfonic acid groups are easily combined with hydrogen bonds, 
so they are hydrophilic [115, 118, 119, 121]. In this work, the dielectric layers were fabricated 
from the precursor solution, which included a large number of hydroxyl groups. 
Therefore the hydrophilic treatment was conducted to enhance the hydrophilicity of the 
substrate, making the entire spin-coating process easier to achieve. A plasma cleaner 
(PDC-002 HARRICK PLASMA expanded plasma cleaner) was used to complete the 
hydrophilic treatment in a vacuum. The active particles in the plasma react with the 
surface of the material to produce hydrophilic groups, thereby enhancing hydrophilicity 
[116-120]. Secondly, the spin-coating process and the annealing process were conducted 
in the air, the environment temperature was the room temperature, which was ~ 25°C. 
Thirdly, the Pt/Ti/SiO2/Si substrate was purchased from a professional organization 
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called Aladdin, and the Pt layer was deposited onto Ti/SiO2/Si by the sputtering method. 
After the hydrophilic treatment, the prepared AlOx precursor solution was spin-coated 
onto the Pt substrate through a medical syringe with a 0.45 μm polyethersulfone (PES) 
filter. The spin-coating speed was 4500 rpm and the spin-coating process last for ~ 40 
s. After the spin-coating process, the semi-finished device was annealed at the desired 
temperature (225°C, 250°C, and 275°C) for ~ 60 min under an atmospheric condition. 
After the deposition process of the AlOx layer, a TE layer of ~ 40-nm thick Ni (or TiN) 
and a capping layer of ~ 40-nm thick Al were deposited onto the AlOx layer in the 
thermal evaporator. Electrodes Al, Ni, and TiN were all cylindrical and the diameter of 
each cylindrical electrode was 0.1 mm. The fabrication process could be observed in 




Figure 2-1. Fabrication process of an RRAM device with the SP-AlOx layer, including (a) a cleaned 
and dried substrate, (b) the AlOx precursor solution was spin-coated onto the substrate, (c) the TE 
layer and capping layers was thermal evaporated onto the deposited AlOx layer, (d) the completed 
device with the structure of Al/Ni(TiN)/SP-AlOx/Pt.  
 
2.2 Results and discussion 
2.2.1 I-V characteristics comparison between Ni/SP-AlOx/Pt and TiN/SP-
AlOx/Pt RRAM devices 
The scanning electron microscope (SEM) cross-sectional image in Fig. 2-2a indicated 
the successful deposition of a ~30-nm SP-AlOx layer. The electrical performance of all 
devices was measured by an Agilent B1500A high-precision semiconductor analyzer 
(Agilent Santa Rosa, CA, USA). For the annealing process of the SP-AlOx layer, a 
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lower temperature was desirable as it indicated the lower energy consumption in the 
fabrication process. During the measurement process, the RRAM device with an SP-
AlOx layer annealed at 200°C exhibited the breakdown characteristic at very low 
voltage < 0.3 V, whereas the 300°C annealed device rarely showed the breakdown 
behavior even the operation voltages higher than 18 V. The breakdown behavior and 
such high voltages were not desired for RRAM devices. Furthermore, almost no bipolar 
I-V characteristics could be observed at higher annealing temperatures (> 300°C). 
Therefore, 225 ° C, 250 ° C, and 275 ° C were selected as the desired annealing 
temperatures. As illustrated in Fig. 2-2, I-V curves of Ni/SP-AlOx/Pt and TiN/SP-
AlOx/Pt RRAM devices with SP-AlOx layers annealed at 225°C, 250°C, and 275°C 
demonstrated typical bipolar RS performance, which presented the resistance change 
with the SET and RESET processes. Take the I-V curves in Fig. 2-2c as an example. 
SET and RESET processes have been represented by circle numbers in black and green, 
respectively. During the SET process, with the positive voltage bias applied onto the 
TE layer, the resistance states change followed the black direction arrows from ① to 
④ and the device was at ON state (LRS) when the operation current reached ICC (1 
mA). With the negative voltage bias applied onto the TE layer, the resistance states of 
the device change followed the green direction arrows from ⑤to ⑧ and the device 
switched back to the OFF state (HRS) at last. The purpose of only ICC-setting in the 
SET process was to prevent the device from being destroyed by a large current. In order 
to make the device switch back to HRS to the greatest extent, there was no ICC-setting 
during the RESET process. Compared with TiN/AlOx/Pt RRAM devices, Ni/AlOx/Pt 
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devices with solution-processed AlOx layers annealed at different desired temperatures 
showed lower operation voltages in both SET and RESET processes. For Ni/AlOx/Pt 
RRAM device, the voltage of Forming operation was very close to those of the 
following SET operations, which indicated the forming-free characteristic of the 
Ni/AlOx/Pt RRAM device. Therefore, the power of the first SET for the Ni/AlOx/Pt 
RRAM device could be considered as the initial power, which was lower than that of 
the TiN/AlOx/Pt RRAM device. During the following SET operations, Ni/AlOx/Pt 
RRAM device always showed lower power than that of the TiN/AlOx/Pt RRAM device 
due to the lower operation voltage (they had the same compliance current of ~ 1mA). 





Figure 2-2. (a) Sectional view of SEM image of a Ni/SP-AlOx/Pt RRAM device with a 250°C 
annealed SP-AlOx layer. I-V characteristics with the typical bipolar RS performance of Ni/SP-
AlOx/Pt and TiN/SP-AlOx/Pt RRAM devices annealed at (b) 225°C, (c) 250°C, and (d) 275°C. 
 
Fig. 2-3 demonstrated the voltage distribution of Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt 
RRAM devices. Fig. 2-3a displayed the distribution of SET voltages and RESET 
voltages distribution could be observed in Fig. 2-3b. Fabricated 240 devices were 
prepared for the investigation in this chapter, including 225°C Ni/SP-AlOx/Pt (40 
devices), 225°C TiN/SP-AlOx/Pt (40 devices), 250°C Ni/SP-AlOx/Pt (40 devices), 
250°C TiN/SP-AlOx/Pt (40 devices), 275°C Ni/SP-AlOx/Pt (40 devices) and 275°C 
TiN/SP-AlOx/Pt (40 devices). For each box-line plot, operation voltages of 40 RRAM 
devices were gathered and distributed. For TiN/SP-AlOx/Pt RRAM devices, the 
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samples with the SP-AlOx layer annealed at 225°C operated with the highest operation 
voltages during the SET and RESET processes. Reversely, the operation voltages of 
250°C annealed samples were the lowest during the switching process. The voltages of 
275°C annealed samples were higher than that of 250°C annealed samples while lower 
than that of 225°C annealed samples. A similar distribution was also observed in Ni/SP-
AlOx/Pt RRAM devices. Ni/SP-AlOx/Pt samples with 225°C annealed SP-AlOx layers 
showed the highest voltages both in SET and RESET processes. Compared with 250°
C Ni/SP-AlOx/Pt samples, 275°C Ni/SP-AlOx/Pt samples showed higher SET voltages. 
However, during the RESET process, similar RESET voltages were observed both in 
250 ° C and 275 ° C Ni/SP-AlOx/Pt samples, which might be resulted from the 
incompleted break of CF based on oxygen vacancies. [61, 62, 107, 108] 
 
 
Figure 2-3. Voltage distribution of Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt RRAM devices annealed at 
225°C, 250°C, and 275°C. 
 
2.2.2 Endurance and retention of Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt RRAM 
devices 
Fig. 2-4 displayed the endurance and retention performance of Ni/SP-AlOx/Pt and 
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TiN/SP-AlOx/Pt RRAM devices. Figs. 2-4(a), (c), and (e) presented the endurance 
cycles while the retention property was observed in Figs. 2-4 (b), (d), and (f). The read 
voltage of the resistance values was 0.1 V for both endurance and retention performance. 
To ensure the accuracy of the performance analysis with the data dispersion, the 
standard deviation (σ) and the variation coefficient (cv) were used as the major analysis 
index. The measurement of endurance and retention was conducted at room 
temperature (~25°C). Temperature retention is one of the reliability and stability metrics 
for RRAM devices and is considered at typical circuit operating temperatures up to 
200°C. [122, 123] Compared with devices tested at room temperature, RRAM devices 
tested at high temperature (> 85°C) show deterioration of retention and endurance 
properties, including unstable ON/OFF ratio, unstable resistance values, shorter 
retention time, and reduced endurance cycles. In addition, a longer test time of retention 
(10 hours and 100 hours) is also associated with the degraded performance of RRAM 
devices. The RRAM devices in this chapter showed excellent resistive switching 
performance with the SP-AlOx layers fabricated by the spin-coating method. As an 
emerging fabrication methodology, the solution-processed method is not as mature as 
traditional methods such as ALD and RF sputtering but is already for demonstrating the 
potential for application with high fabrication efficiency and low commercial cost. In 
particular, the inherent low-temperature process is compatible with the use of flexible 
substrates such as PET and PI, which are important for wearable devices. The 
temperature environment of wearable devices is always under 40°C, which is eco-
friendly to the human body. In addition, with the tendency of low power consumption 
55 
 
in electronic devices, the operation temperature is decreasing dramatically. Therefore, 






Figure 2-4. Endurance and retention properties of Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt RRAM 
devices annealed at 225°C, 250°C, and 275°C. 
 
In general, several indexes are used to process the statistical dispersion, including range, 
sum of squares of deviation from mean, variance, standard deviation, and variation 
coefficient. Compared with other indexes, standard deviation and the variation 
coefficient can demonstrate the statistical dispersion with higher accuracy. [124-127] In 
addition, to a great extent, the data dispersion is influenced by the dimensions of data 
values, which should be under consideration. The standard deviation σ can be 
calculated with the equation 2-2 (Eq. 2-2), which was as follows: 
 
 
𝜎𝜎 =  �
1
𝑛𝑛
 ∙  � (𝑥𝑥𝑖𝑖 − ?̅?𝑥)2
𝑛𝑛
𝑖𝑖=1
  (Eq. 2-2) 
 
where n is the total number of data, i is the sequence number of a data value and i ≤ n, 
?̅?𝑥  is the average value of all data in the desired sequence. [124-127] σ is an index 
influenced by the value dimension. [61, 108, 124-127] For an RRAM device with the SP-
AlOx layer in this work, the data difference between HRS values and LRS values of 
one device was over two orders of magnitude (> 100 times), which indicated a large 
dimension variation and σ would not be appropriate to be used to evaluate the data 
dispersion between HRS and LRS values of the same device. However, the data 
difference among HRS values (or LRS values) of RRAM devices with various SP-AlOx 
layers was smaller than one order of magnitude (< 10 times), therefore, it has been 
enough to evaluate the data dispersion among various RRAM devices through 
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comparing σ.  
 
For the dispersion comparison between HRS values and LRS values of the same RRAM 
device, it should be considering the influence of data dimension. Therefore, the 
variation coefficient cv could be used to evaluate the dispersion due to its dimensionless 
characteristic, which was as follows in equation 2-3 (Eq. 2-3): 
 
 
𝑐𝑐𝑣𝑣  =  







cv could be described as the ratio between σ and the average value ?̅?𝑥. [124-126] Based on 
Eqs. 2-2 and 2-3, Tables 2-1 and 2-2 were presented with specific values of σ and cv, 
which displayed standard deviation and variation coefficient for resistance values 
during the endurance of Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt with RS layers annealed 
at 225°C, 250°C, and 275°C. The smaller values of σ and cv, the smaller the data 
dispersion. For external comparison among RRAM devices with SP-AlOx layers 
annealed at different temperatures, Ni/SP-AlOx/Pt samples presented smaller values of 
σ and cv, which indicated that better electrical performance could be obtained on SP-
AlOx-based RRAM devices with Ni TE instead of TiN TE. In addition, compared with 
samples with 225°C and 275°C annealed SP-AlOx layers, 250°C annealed Ni/SP-
AlOx/Pt samples exhibited better electrical with lower operation voltages and enhanced 
stability. The 250°C annealed Ni/SP-AlOx/Pt samples showed the best stability with σ 
values of 4.99912 (LRS) and 589.14454 (LRS), and cv values of 0.01853 (LRS) and 
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0.02354 (HRS). Similarly, although the device performance of TiN/SP-AlOx/Pt 
samples was not as excellent as Ni/SP-AlOx/Pt samples, 250°C annealed TiN/SP-
AlOx/Pt samples still showed better performance than 225°C and 275°C annealed 
TiN/SP-AlOx/Pt samples. 
 
Table 2-1. Standard deviation for resistance values during the endurance of Ni/SP-AlOx/Pt 
and TiN/SP-AlOx/Pt with RS layers annealed at desired temperatures (225°C, 250°C, and 
275°C) 
Samples Resistance state 225°C 250°C 275°C 
Ni/SP-AlOx/Pt LRS 5.90194 4.99912 8.49596 
Ni/SP-AlOx/Pt HRS 3280.88764 589.14454 1103.54298 
TiN/SP-AlOx/Pt LRS 13.57554 12.47578 18.05036 
TiN/SP-AlOx/Pt HRS 6192.10980 1521.28229 1954.16433 
 
Table 2-2. Variation coefficient for resistance values during the endurance of Ni/SP-AlOx/Pt 
and TiN/SP-AlOx/Pt with RS layers annealed at desired temperatures (225°C, 250°C, and 
275°C) 
Samples Resistance state 225°C 250°C 275°C 
Ni/SP-AlOx/Pt LRS 0.03105 0.01853 0.05926 
Ni/SP-AlOx/Pt HRS 0.04952 0.02354 0.06100 
TiN/SP-AlOx/Pt LRS 0.07805 0.04366 0.11140 
TiN/SP-AlOx/Pt HRS 0.09004 0.05949 0.10392 
 
2.2.3 Mechanism analysis on performance variation of Ni/SP-AlOx/Pt and 
TiN/SP-AlOx/Pt RRAM devices with SP-AlOx layers annealed at the same desired 
temperature 
Based on the obvious performance variation among Ni/SP-AlOx/Pt and TiN/SP-
AlOx/Pt RRAM devices with SP-AlOx layers, it was necessary to analyze the variation 
in terms of the switching and conduction mechanisms. In general, the mechanism 
analysis was divided into two parts, and the first part was about the operation voltage 
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comparison between Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt RRAM devices with the SP-
AlOx layers annealed at the same desired temperature, which was discussed in this 
section. The performance variation induced by different TE materials (Ni and TiN) 
indicated the role of work function difference (∆ΦM) between TE and BE.  
 
Figs. 2-5a and 2-5b displayed the energy band change of a TiN/SP-AlOx/Pt device 
while the energy band change of a Ni/SP-AlOx/Pt device could be observed in Figs. 2-
5c and 2-5d. Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt devices shared the same work 
function of Pt substrate (ΦM-Pt), which was ~ 5.93 eV. [128-130] Therefore, the voltage 
variation was mainly determined by the different ΦM of TE Ni and TiN, which were ~ 
5.35 eV (ΦM-Ni), and ~ 4.4 eV (ΦM-TiN). [129, 131-133] In Figs. 2-5a and 2-5c, oxygen trap 
left in SP-AlOx layers of the devices at the initial OFF state. With the external electric 
field induced by desired voltage bias in Figs. 2-5a and 2-5c, the drift process of 
electrons occurred with the drift direction from BE to TE. The ΦM was defined as the 
minimum energy consumption of the escape process of electrons and the escape 
direction was from the inside of the metal to the vacuum. Therefore, a larger ΦM 
indicated that it was harder for electrons to escape. ∆ΦM still influenced the whole drift 
process of electrons and the higher ∆ΦM indicated that it was required more energy to 
support the electron drift, which presented the RS behavior with higher voltage. [129, 133-
137] ∆ΦM between Ni and Pt was smaller than that between TiN and Pt (0.58 eV < 1.53 
eV). Therefore, a lower VSET of Ni/SP-AlOx/Pt device was needed during the SET 
process. During the RESET process, lower energy demand was required to cancel the 
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band bending of the SP-AlOx layer, which indicated the lower operation voltages were 
needed during the RS process. [129, 133-137] 
 
 
Figure 2-5. Energy band diagrams of Ni/SP-AlOx/Pt devices at (a) initial state without external 
voltage bias, (b) ON state after the SET operation, and energy band diagrams of TiN/SP-AlOx/Pt 
devices at (a) initial state without external voltage bias, and (b) ON state after the SET operation. 
 
2.2.4 Mechanism analysis on performance variation of Ni/SP-AlOx/Pt with 
SP-AlOx layers annealed at different temperatures 
As mentioned before, there were two parts of mechanism analysis were investigated 
and the first one has been introduced in the last section. The second one was introduced 
in this section. The second part mainly focused on the device variation of Ni/SP-
AlOx/Pt RRAM devices with SP-AlOx layers annealed at 225°C, 250°C, and 275°C, 
which also revealed the influence induced by the change of hydroxyl group (-OH) 




Based on previous research, obviously, Ni/SP-AlOx/Pt RRAM devices exhibited more 
excellent RS behaviors with lower operation voltages, stable ON/OFF ratio, and better 
stability. It was significant to investigate the performance variation of Ni/SP-AlOx/Pt 
samples with SP-AlOx layers annealed at different temperatures. Before starting the 
mechanism analysis, some physical characterizations were carried out to evaluate the 
properties of SP-AlOx thin films at first, as illustrated in Fig. 2-6. Fig. 2-6a showed the 
x-ray diffraction (XRD) results of SP-AlOx thin films annealed at 225°C, 250°C, and 
275°C. All thin films demonstrated similar amorphous characteristics, which indicated 
the successful film-forming process of the SP-AlOx layer with low annealing 
temperature. With the measurement of atomic force microscope (AFM), Figs. 2-6b, 2-
6c, and 2-6d demonstrated the different roughness of SP-AlOx thin films annealed at 
225°C, 250°C, and 275°C, respectively. The roughness of the 225°C annealed SP-AlOx 
thin film was 0.682 nm, which was the highest among all samples. The roughness of 
250°C and 275°C annealed SP-AlOx thin films were 0.230 nm and 0.524 nm, 
respectively. The smaller the roughness value, the smoother the dielectric thin film. [129, 
133-137] Theoretically, a smoother surface of the dielectric layer is essential to achieve a 
lower leakage current, which is helpful to improve the electrical performance of the 
device. [129, 133-137] Therefore, the smoothest SP-AlOx thin film was obtained with the 
250°C annealing temperature and the 250°C annealed Ni/SP-AlOx/Pt RRAM device 





Figure 2-6. (a) XRD results of SP-AlOx thin films annealed at different temperatures. AFM-
roughness results of SP-AlOx thin films annealed at (b) 225°C, (c) 250°C, and (d) 275°C. 
 
Characterization results in Fig. 2-6 have indicated that the excellent performance of 
250°C annealed Ni/SP-AlOx/Pt samples was determined by related characteristics of 
the SP-AlOx thin film annealed at 250°C. In the later content of this section, the 
discussion of switching and conduction mechanism for Ni/SP-AlOx/Pt RRAM devices 
would be presented, and then XPS spectra would be utilized to investigate the 
performance variation of Ni/SP-AlOx/Pt RRAM devices with SP-AlOx layers annealed 
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at 225°C, 250°C, and 275°C.  
 
Fig. 2-7 demonstrated the schematic views of conduction and switching mechanisms. 
The conduction mechanism could be observed in Figs. 2-7a, 2-7b, and 2-7c, which 
corresponded to Ni/SP-AlOx/Pt samples with SP-AlOx layers annealed at 225°C, 250°
C, and 275 ° C, respectively. Figs. 2-7d, 2-7e, and 2-7f described the switching 
mechanism based on the formation and rupture behaviors of CF comprising oxygen 
vacancies. Fitting results of the conduction mechanism pointed that the space-charge-
limited current (SCLC) was the dominating mechanism of all samples. Herein, the 225°
C annealed Ni/SP-AlOx/Pt sample was chosen as the typical example for a further and 
detailed discussion on conduction and switching mechanisms.  
 
As illustrated in Fig. 2-7a, I-V curves with the form of a double logarithmic plot 
presented positive and negative bias regions, which corresponded to original SET and 
RESET processes. The value of ICC was very close to the value of RESET current, 
which resulted in the overlap with a large area between SET and RESET curves. The 
OFF state of I-V curves in Fig. 2-7a was corresponding to the OFF state exhibited in 
Fig. 2-7d, where the Ni/SP-AlOx/Pt RRAM device was at the initial HRS state without 
any external voltage bias. Oxygen atoms (blue balls) stayed in the SP-AlOx RS layer. 
When the external positive voltage bias (+ V) was applied onto TE Ni in Fig. 2-7e, the 
switching current started to change with the increase of the switching voltage. The slope 
of ~ 1 in Fig. 2-7a indicated the ohmic conduction (I ∝ V) of the switching current 
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with low switching voltage during this phase. [41, 138, 139] When the + V in Fig. 2-7e 
increased to VSET, the RRAM device was at the ON state (LRS). Electrons brought by 
the external electric field moved from BE to TE. Oxygen atoms combined with 
electrons (oxygen ions) also drift to TE while oxygen vacancies (red balls) were left in 
the SP-AlOx RS layer. CFs were formed with left oxygen vacancies to connect TE and 
BE, which resulted in the LRS of the RRAM device. During the process where the 
device switched from the initial OFF state to the ON state, the slope of I-V curves in 
Fig. 2-7a changed from ~ 2.1 to ~ 4.9, which followed Child’s square law (I ∝ V2) 
and the steep increase of the current (I ∝ Vx, x > 2), which indicated the SCLC 
mechanism. [41, 140-144] When the negative voltage was (- V) applied onto TE Ni, as 
illustrated in Fig. 2-7e, the voltage amplitude still changed from 0 V to VRESET and then 
back to 0 V. During the increasing phase from 0 V to VRESET, the RRAM device was 
still at the ON state. When the voltage amplitude reached VRESET, the negative electric 
field drove oxygen ions in TE to move to the SP-AlOx RS layer. The density of oxygen 
vacancies was reduced and then resulted in the rupture of CFs, which made the RRAM 
device switched back to the OFF state. [108, 110, 112] The same explanation could be 
applied to Ni/SP-AlOx/Pt RRAM devices with SP-AlOx thin films annealed at 250°C 





Figure 2-7. Conduction mechanisms of Ni/SP-AlOx/Pt RRAM devices with SP-AlOx layers 
annealed at (a) 225°C, (b) 250°C, and (c) 275°C. Switching mechanism with a Ni/SP-AlOx/Pt 
RRAM device at (d) initial OFF state, (e) ON state after a SET operation, and (f) OFF state after a 
RESET operation. 
 
During the formation/rupture process of CFs, it was necessary to consider the influence 
of vital properties of RS thin film, including thickness, uniformity, growth temperature, 
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etc. As characterized by AFM in Fig. 2-6, the roughness and uniformity of an SP thin 
film were determined by the annealing temperature. Therefore, further investigation on 
the internal change of SP-AlOx thin films was carried out with XPS. For the XPS 
measurement process, some related parameters of the measurement environment were 
presented. The Total Acquisition Time was 1 min and 20.4 s, the Number of Scans was 
8, the Source Gun Type was Al K Alpha, the Spot Size was 500 µm, the Lens Mode 
was Standard, the Analyzer Mode was CAE: Pass Energy 30.0 eV, the Energy Step Size 
was 0.100 eV, and the Number of Energy Steps was 210. The XPS measurement was 
taken from the surface of the SP-AlOx thin film. The thickness of the SP-AlOx thin film 
was about 30 nm, which was larger than the profiling depth of XPS. Device samples 
for XPS measurement were fabricated with the same methodology, without a top 
electrode. All samples were stored in a vacuum oven before the XPS measurement. 
During the XPS measurement process, all samples were operated in a vacuum. Figs. 2-
8a, 2-8c, and 2-8e demonstrated the O 1s spectra of SP-AlOx thin films annealed at 225°
C, 250°C, and 275°C, respectively. While the corresponding spectra of Al 2p could be 
observed in Figs. 2-8b, 2-8d, and 2-8f. For one sample, O1 and O2 were two de-
convoluted sub-peaks of the O 1s spectrum. The binding energies of O1 and O2 peaks 
were located at 531.1 eV and 532.2 eV, which were related to metal-oxygen bonds (M-
O) and hydroxyl group (-OH), respectively. [144-148] With the annealing temperature 
increased from 225°C to 250°C, an obvious increasing tendency of the peak O2 
associated with -OH was observed. However, the concentration of O2 decreased with 
the annealing temperature increased from 250°C to 275°C. The change of Al 2p also 
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supported the change tendency of O 1s. For now, it has been confirmed that M-O and -
OH were playing significant roles during the RS process. With further comparison in 
Fig. SI-1 with error bars in the supplementary information, the concentration of M-O 
and -OH for each sample were obtained. For each annealing temperature, 20 samples 
were evaluated with the XPS measurement and all data in Fig. SI-1 were from 60 
samples. For the 225°C annealed SP-AlOx thin film, the concentration of M-O was 
about 50%, which was approximately equal to the concentration of -OH. For the 250°
C annealed SP-AlOx thin film, the concentration of -OH was about ~ 70%, which was 
higher than the concentration of M-O. The -OH concentration of the 275°C annealed 
SP-AlOx thin film was still higher than that of M-O, which was around 61% and slightly 
lower than the -OH concentration of the 250°C annealed sample. Therefore, the 225°C 
annealed sample displayed the lowest concentration of -OH while the highest -OH 
concentration was detected in the 250°C annealed sample. The -OH concentration of 
275°C annealed sample was lower than that of 250°C annealed sample but higher than 
that of 225°C annealed sample. These results were corresponding to the roughness 
variation of SP-AlOx thin films with AFM measurement.  
 
Therefore, based on the electrical performance variation, the roughness variation, and 
the composition change tendency, an overall hypothesis was proposed. During the 
deposition process of the RS layer, the annealing temperature of the SP-AlOx thin film 
determined the dominant composition of AlOx, which included AlOx and Al(OH)x. 
AlOx and Al(OH)x were associated with concentration variation of M-O and -OH. For 
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SP-AlOx thin films annealed at 225°C, 250°C, and 275°C, 250°C annealed thin film 
exhibited the lowest roughness due to the highest -OH concentration, which was helpful 
to the sufficient accumulation of oxygen vacancies. Therefore, the Ni/SP-AlOx/Pt 
RRAM device with a 250°C annealed SP-AlOx layer demonstrated the best electrical 
performance with the lowest operation voltage, stablest ON/OFF ratio, and the best 
stability. Due to the lowest -OH concentration of the 225°C annealed SP-AlOx thin film, 
the worst electrical performance of the Ni/SP-AlOx/Pt RRAM device with a 225°C 
annealed SP-AlOx layer was observed. For the 275°C annealed SP-AlOx thin film, its 
concentration of -OH was between that of 250°C and 225°C annealed thin films, hence 
the electrical performance of the 275°C annealed Ni/SP-AlOx/Pt RRAM device was 





Figure 2-8. Fitted XPS spectra for O 1s for Ni/SP-AlOx/Pt RRAM devices annealed at (a) 225°C, 
(c) 250°C, and (e) 275°C. Fitted XPS spectra for Al 2p for Ni/SP-AlOx/Pt RRAM devices annealed 





In this chapter, the electrical performance of Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt 
RRAM devices were studied with SP-AlOx layers annealed at 225°C, 250°C, and 275°
C. Compared with TiN/SP-AlOx/Pt RRAM devices, Ni/SP-AlOx/Pt devices under each 
annealing temperature exhibited better performance with lower operation voltages, 
more stable ON/OFF ratio, and enhanced stability, which was contributed to the smaller 
∆ΦM between TE Ni and BE Pt. For Ni/SP-AlOx/Pt RRAM devices with SP-AlOx layers 
annealed at different temperatures, the 250°C annealed device displayed the best 
electrical performance in terms of the lowest operation voltage (< 1.5 V), the stablest 
ON/OFF ratio (> 102), and the best stability (retention time > 104 s and endurance 
cycles > 150), which was resulted from the highest -OH concentration of the 250°C 
annealed SP-AlOx thin film. 
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Chapter 3: Electrical performance for RRAM devices with stacked 
solution-processed GaOx/AlOx dielectric 
With the investigation results in Chapter 2, the best RS behaviors could be obtained in 
the SP-AlOx layer with the annealing temperature of 250°C. However, it is worth 
considering enhancing the performance of the RRAM with the structure of Ni/SP-
AlOx/Pt. The enhancement of device performance can be realized by improving the 
electrode layer and RS layer. For the electrode layer improvement of the device, 
generally, the materials of TE and BE have high electrical conductivity, and there is an 
appropriate difference between the material activities of TE and BE layers. [10, 64] For 
the improvement techniques of the RS layer, it is usually to investigate doping of hybrid 
materials and layered processing. [79, 149-155] Whether it is the improvement of the 
electrode layer or the RS layer, the final goal of these improvement techniques is to 
obtain the RRAM device with a lower operation voltage, a larger ON/OFF ratio, and 
better reliability.  
 
In this chapter, the improvement of electrode and RS layers of the previous Ni/SP-
AlOx/Pt RRAM device was conducted at the same time. Some evidence has pointed 
that RRAM devices based on metallic CF could demonstrate lower operation voltage 
than oxygen-vacancy-based devices, and the formation/rupture process was easier to 
modulate. [10, 47, 49, 51, 64, 156, 157] Therefore, Ag, which is easily oxidized, was selected as 
the candidate of the TE layer due to its high activity. [158, 159] Besides, indium tin oxide 
was selected as the candidate of the BE layer due to its high electrical conductivity, 
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high transparency, and better hydrophilia. [160-162] On the other hand, based on the 
consideration of fabrication efficiency and economic cost, the RS layer with a stacked 
structure was chosen and the SP-AlOx layer was still utilized, which indicated a 
metallic-CF-based RRAM device with the structure of Ag/SP-X/SP-AlOx/ITO. For 
now, some researchers have demonstrated that the improvement with stacked RS layers 
could show enhanced electrical performance with higher efficiency. [80, 163-170] For 
instance, Jung Ho Yoon et al. proposed the RRAM device with the Ta2O5/HfO2 stack. 
The HfO2 layer played the role of switching layer through trapping or de-trapping of 
electronic carriers while the Ta2O5 layer remained intact during the whole switching 
cycle and provided the rectification [166]. They also researched the RS performance of 
the TiO2/HfO2 resistive switching material system. TiO2 layer worked as the 
rectification layer due to its high k-value (∼40) and low bandgap (∼3.2 eV). The 
Pt/TiO2 interface served as a fluent Schottky interface and provided the device with the 
desirable rectifying characteristics when the spurious effect can be feasibly suppressed. 
[168]. These results proved the reliable prospect of MO materials and stack RS layer 
structure in the research of RRAM. The metallic CF in the RRAM device was always 
associated with oxidation and reduction reactions of the metal component, which 
indicated that a certain degree of oxidation difference was required between the SP-X 
layer and the SP-AlOx layer. [10, 51, 64] Therefore, some RRAM devices with single SP 
RS layers such as gallium oxide (GaOx), indium oxide (InOx), and graphene oxide (GO) 
were investigated and the 2.5 M SP-GaOx layer was chosen as the upper candidate of 
the SP-X layer. After the experimental and comparison process, the Ag/SP-GaOx/SP-
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AlOx/ITO RRAM device displayed enhanced electrical performance in terms of an 
operation voltage lower than 0.6 V, an ON/OFF ratio larger than 2×104, a retention time 
longer than 2×104 s, and retention cycles over 200. [51]  
 
3.1 Experimental  
3.1.1 For Ag/SP-X/ITO RRAM devices with a single RS layer 
The precursor solutions of different RS layers were prepared according to the 
experimental process mentioned in section 2.1.1 of Chapter 2. With similar methods, 
precursor solutions of 2.5 M AlOx (~ 5 mL DI water + ~ 4.6765 g Al(NO3)3·9H2O), 2.5 
M GaOx (~ 5 mL DI water + ~ 3.4368 g Ga(NO3)3•xH2O), and 2.5 InOx (~ 5 mL DI 
water + ~ 3.9856 g In(NO3)3•xH2O) were obtained. For the GO precursor suspension, 
the GO powder was purchased from Nanjing XFNANO Materials Tech Co., Ltd and 
the concentration was 0.1 mg/mL (~ 5 mL DI water + ~ 0.5 mg GO). The composition 
of all precursor solutions and suspension could be observed in Table 3-1. After the 
same ultrasonic cleaning operation was applied onto the ITO substrate, precursor 
solution or suspension were spin-coated onto the cleaned substrate, respectively. The 
annealing temperature for all materials was the same 250°C and the time of the 
annealing process was 1 hour. Finally, a 40-nm Ag layer and a 40-nm Al layer were 
thermally evaporated onto the RS layer as a TE layer and a capping layer. Fabricated 
devices with the structure of Ag/SP-AlOx/ITO, Ag/SP-GaOx/ITO, Ag/SP-InOx/ITO, 




Table 3-1. Composition of all precursor solutions and suspension 
RS layer Solute Solvent Concentration 
SP-AlOx 4.6765 g Al(NO3)3·9H2O 5 mL DI water 2.5 M 
SP-GaOx 3.4368 g Ga(NO3)3•xH2O 5 mL DI water 2.5 M 
SP-InOx 3.9856 g In(NO3)3•xH2O 5 mL DI water 2.5 M 
SP-GO 0.5 mg GO 5 mL DI water 0.1 mg/mL 
 
3.1.2 For Ag/SP-GaOx/SP-AlOx/ITO RRAM device with a stacked RS layer 
Based on the fundamental operations of section 3.1.1, an SP-AlOx layer was deposited 
onto the ITO layer at first. Then an SP-GaOx layer was deposited onto the SP-AlOx 
layer with the same technique. Electrodes Al and Ag were all cylindrical and the 
diameter of each cylindrical electrode was 0.1 mm. Fig. 3-1a showed the schematic 
view of and fabricated Al/Ag/SP-GaOx/SP-AlOx/ITO RRAM device. A 50-nm SP-
AlOx layer and a 35-nm SP-GaOx layer were observed in Fig. 3-1b.  
 
Figure 3-1. (a) Schematic view of Al/Ag/SP-GaOx/SP-AlOx/ITO RRAM devices. (b) SEM image 




3.2 Electrical performance of Ag/SP-X/ITO RRAM devices based on various RS 
materials 
The electrical characterization of all RRAM devices was still conducted by an Agilent 
B1500A high-precision semiconductor analyzer. During the comparison phase in this 
section, some factors such as operation voltage, ON/OFF ratio, distribution of 
resistance values, endurance, and retention. Among these indexes, the first priority was 
the operation voltage. The lower operation voltage indicated that the oxidation of Ag 
was easier to occur in the RS layer. [61-63, 171, 172] The ON/OFF ratio was considered with 
the second priority because the larger switching meant the larger storage capacity. [61, 
172] Fig. 3-2 showed the statistical results of related electrical indexes, which included 
VSET (Fig. 3-2a), VRESET (Fig. 3-2b), ON/OFF ratio (Fig. 3-2c), and resistance 
distribution (Fig. 3-2d). In Figs. 3-2a and 3-2b, compared with the Ag/SP-AlOx/ITO 
RRAM device, lower operation voltages of SET and RESET processes were observed 
in Ag/SP-GaOx/ITO, Ag/SP-InOx/ITO, and Ag/SP-GO/ITO RRAM devices, which 
indicated that Ag was easier oxidized in SP-GaOx, SP-InOx, and SP-GO layers. 
Compared with the SP-GO-based device, devices with SP-GaOx and SP-InOx layers 
showed lower operation voltages. In Fig. 3-2c, Ag/SP-GaOx/ITO device exhibited a 
similar ON/OFF ratio to Ag/SP-GO/ITO devices. The smallest switching ratio was 
observed in Ag/SP-InOx/ITO, which was even smaller than half of the switching ratio 
of Ag/SP-GaOx/ITO devices. For now, previous evidence has supported that better 
electrical performance could be obtained with RRAM devices with SP-GaOx and SP-
InOx layers. Although the Ag/SP-InOx/ITO device showed a lower VSET, considering 
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the extremely small switching ratio of the Ag/SP-InOx/ITO device, and the acceptable 
voltage difference (< 1.0 V) between Ag/SP-GaOx/ITO and Ag/SP-InOx/ITO RRAM 
devices, the SP-GaOx layer was chosen as the candidate of the SP-X layer.  
 
In order to make the investigation on data distribution of resistance values among these 
RRAM devices with single SP RS layers, standard deviation and variation coefficient 
mentioned above were used to evaluate the resistance distribution illustrated in Fig. 3-
2d. Related statistic results could be obtained in Tables 3-2 and 3-3. The difference of 
endurance variation coefficient between Ag/SP-GaOx/ITO and Ag/SP-InOx/ITO 
RRAM devices was smaller than 0.1 at HRS and LRS, which was acceptable and 







Figure 3-2. Statistic results of the electrical performance of Ag/SP-AlOx/ITO, Ag/SP-GaOx/ITO, 
Ag/SP-InOx/ITO, and Ag/SP-GO/ITO, including (a) VEST, (b) VRESET, (c) ON/OFF ratio, and (d) 
resistance distribution. 
 
In addition, the measurement of endurance and retention properties of Ag/SP-AlOx/ITO, 
Ag/SP-GaOx/ITO, Ag/SP-InOx/ITO, and Ag/SP-GO/ITO RRAM devices were 
obtained in Fig. 3-3. Resistance values of HRS and LRS for each device were read at 
0.1 V. The quantitative assessment on the distribution of HRS and LRS values during 
endurance measurements was presented in Tables 3-2 and 3-3, which indicated that it 
was appropriate to use the SP-GaOx layer as the improved layer of the stacked SP-




Figure 3-3. Endurance and retention performance of Ag/SP-AlOx/ITO, Ag/SP-GaOx/ITO, Ag/SP-
InOx/ITO, and Ag/SP-GO/ITO.  
 
Table 3-2. Standard deviation of resistance distribution and endurance for RRAM devices 







Ag/SP-AlOx/ITO LRS 165.02509 86.61476 
Ag/SP-AlOx/ITO HRS 105914.41134 54602.57567 
Ag/SP-GaOx/ITO LRS 35.53483 13.17800 
Ag/SP-GaOx/ITO HRS 17058.18702 8692.78413 
Ag/SP-InOx/ITO LRS 11.40099 5.04359 
Ag/SP-InOx/ITO HRS 4111.97226 1992.03368 
Ag/SP-GO/ITO LRS 76.95325 45.90578 
Ag/SP-GO/ITO HRS 195750.98183 55829.75706 
 
Table 3-3. Variation coefficient of resistance distribution and endurance for RRAM devices 







Ag/SP-AlOx/ITO LRS 0.19771 0.10818 
Ag/SP-AlOx/ITO HRS 0.20996 0.08513 
Ag/SP-GaOx/ITO LRS 0.25035 0.10697 
Ag/SP-GaOx/ITO HRS 0.25758 0.13336 
Ag/SP-InOx/ITO LRS 0.15339 0.05937 
Ag/SP-InOx/ITO HRS 0.20886 0.07022 
Ag/SP-GO/ITO LRS 0.15921 0.09436 
Ag/SP-GO/ITO HRS 0.31666 0.09412 
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3.3 Performance comparison between Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-
AlOx/ITO RRAM devices 
Based on the results of the previous section, the SP-GaOx layer was chosen as the upper 
part of the stacked RS layer, which referred to the improved RRAM device with the 
structure of Ag/SP-GaOx/SP-AlOx/ITO. The comparison between Ag/SP-GaOx/SP-
AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices was used to reveal the successful 
improvement of the device performance. Before starting the research on the 
performance variation between these two devices, the physical characterization with 
XPS was presented to prove the successful deposition of the SP-GaOx layer onto the 
SP-AlOx layer, as illustrated in Fig. 3-4. Figs. 3-4a and 3-4b demonstrated the O 1s and 
Al 2p spectra of the SP-AlOx layer while the O 1s and Ga 2p spectra of the SP-GaOx 
layer were observed in Figs. 3-4c and 3-4d. The peak in Fig. 3-4a with the binding 
energy located at 531.9 eV indicated the existence of Al2O3 in the SP-AlOx layer while 
the peak at 72.6 eV of the Al 2p spectrum (Fig. 3-4b) revealed that there were metallic 
Al components in the SP-AlOx layer. [173-175] In addition, in the SP-GaOx layer, the 
Ga2O3 was pointed by the peak located at 631.7 eV in the O 1s spectrum (Fig. 3-4c) 
and the single peak located at 1117.1 eV in the Ga 2p spectrum (Fig. 3-4d). [173-177] The 
results of XPS spectra proved that the SP-GaOx layer was successfully spin-coated onto 





Figure 3-4. XPS spectra results for (a) O 1s spectrum and (b) Al 2p spectrum of the SP-AlOx layer. 
XPS spectra results for (a) O 1s spectrum and (b) Ga 2p spectrum of the SP-GaOx layer. 
 
With the ICC at 1 mA, the bipolar I-V curves of Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-
AlOx/ITO RRAM devices were presented in Fig. 3-5a and Fig. 3-5b, respectively. For 
the Ag/SP-GaOx/SP-AlOx/ITO RRAM device, a forming operation with high voltage 
at ~ 2.3 V was required before starting the stable SET and RESET processes. Compared 
with the device based on the stacked SP-GaOx/SP-AlOx layer, the forming voltage of 
the Ag/SP-AlOx/ITO device was approximately equal to the voltage of the first SET 
operation. Therefore, the Ag/SP-AlOx/ITO RRAM device was considered as the 
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forming-free device. [154, 178, 179] Based on the I-V curves presented in Fig. 3-5, 
compared with the Ag/SP-AlOx/ITO RRAM device, the Ag/SP-GaOx/SP-AlOx/ITO 
RRAM device demonstrated improved electrical performance with lower operation 
voltage and larger ON/OFF ratio. In the supplementary information, Fig. SI-2 
demonstrated the device-to-device variation of the formation voltages for Ag/SP-
AlOx/ITO and Ag/SP-GaOx/SP-AlOx/ITO RRAM devices. Figs. SI-2a and b showed 
the IV curves of the forming process. Also, 20 samples of each kind of RRAM device 
were chosen to investigate the device-to-device variation of forming voltages and the 
results could be observed in Figs. SI-2c and d. As illustrated in Fig. SI-2, both Ag/SP-
GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices demonstrated a stable 
forming process. The forming voltage of the Ag/SP-GaOx/AlOx/ITO RRAM device 
was higher than the SET voltage of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device while 
the forming and SET voltages of the Ag/SP-AlOx/ITO RRAM device was very similar. 
In addition, an obvious backward scan effect was also observed on the Ag/SP-AlOx/ITO 
RRAM device, as illustrated in Fig. SI-3. In general, the backward scan effect was 
usually observed on SiOx-based RRAM devices. [180-184] Before the sweep voltage 
reaches the stop voltage of SET operation at HRS, the current will decrease abruptly. 
The current value is mostly lower than the compliance current (CC) and then begins to 
fluctuate near this level. The device is still at HRS. When the sweep voltage reaches the 
stop voltage of SET operation, the device starts to enter the LRS [180-184]. However, there 
is a little difference between the typical backward scan effect of SiOx RRAM devices 
and the performance of the Ag/AlOx/ITO RRAM devices. Fig. SI-3a showed the 
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backward scan effect of the SiOx RRAM device [181]. During the forward sweep in the 
electroforming process, current fluctuations occur at about 1 μA followed by a 
backward sweep that forms a switchable filament, even if the electroforming process is 
momentarily stopped (see step 1 to step 3 in Fig. SI-3a where the backward sweep was 
stopped at 8 V in the electroforming process, the state was checked at 1 V followed by 
a set process). The backward-scan effect can also be observed in the reset process, 
where the device changes from HRS to LRS if the backward scan is done slowly (step 
4 in Fig. SI-3a). In Fig. SI-3b, the current decreased obviously in step 2 and then 
fluctuate at this level until the SET voltage occurred. Compared with Fig. SI-3a, the 
most different was the change tendency of step 4 of the Ag/AlOx/ITO device. The 
device was directly switched into LRS at CC. However, for the Ag/SP-GaOx/SP-
AlOx/ITO RRAM device, there was no such backward scan effect. Therefore, the 
backward scan effect of the Ag/SP-AlOx/ITO device might be associated with the redox 
of RS layers and the non-uniformity of CF [8, 164, 185-189]. Due to the low redox rate of 
the AlOx layer, It was difficult for Ag atoms to completely transform into Ag ions 
smoothly in a short time with the voltage bias applied onto the Ag electrode [164, 185-187]. 
As illustrated in Fig. SI-3b, when the sweep voltage reached around 1.3 V in the 
forming process, the current decreased abruptly to 10-6 A level, which might be resulted 
from the incomplete and heterogeneous Ag CF formed in the RRAM device [8, 188, 189]. 
The incomplete Ag CF resulted in the current fluctuations at 10-6 A level, which was 





Figure 3-5. Bipolar I-V characteristics of (a) Ag/SP-GaOx/SP-AlOx/ITO and (b) Ag/SP-AlOx/ITO 
RRAM devices.  
 
With the statistical results illustrated in Fig. 3-6, it has been confirmed that the Ag/SP-
GaOx/SP-AlOx/ITO RRAM device exhibited improved RS behavior with lower 
operation voltage, larger switching ratio, and enhanced device stability. The average 
amplitudes of VSET and VRESET were around ~ 0.6 V and the maximum value was 0.8 
V. The quantitative statistical results of resistance distribution were presented in Table 
3-4 with standard deviation and variation coefficient. Both Ag/SP-GaOx/SP-AlOx/ITO 
and Ag/SP-AlOx/ITO RRAM devices demonstrated excellent device stability. While 
smaller values of standard deviation and variation coefficient indicated the better 




Figure 3-6. Statistic results on (a) voltage distribution and (b) resistance distribution of Ag/SP-
GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices.  
 
Table 3-4. Standard deviation and variation coefficient of resistance distribution for Ag/SP-







Ag/SP-GaOx/SP-AlOx/ITO LRS 28.28755 0.13017 
Ag/SP-GaOx/SP-AlOx/ITO HRS 193062.97470 0.04587 
Ag/SP-AlOx/ITO LRS 165.02509 0.19771 
Ag/SP-AlOx/ITO HRS 105914.41134 0.20996 
 
To a certain extent, the quantitative statistical results of resistance distribution have 
indicated the stability of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device. The 
measurement of retention and endurance properties could more fully prove this 
remarkable device stability. All resistance values of HRS and LRS were read at 0.1 V. 
The retention in Fig. 3-7a indicated that the Ag/SP-GaOx/SP-AlOx/ITO RRAM device 
could maintain the information longer than 2×104 s with the stable ON/OFF ratio 
around ~ 2×104. The endurance in Fig. 3-7b proved that the number of writing & 
erasing behavior cycles could be over 1000. Table 3-5 presented the quantitative 
statistical results of the endurance comparison between Ag/SP-GaOx/SP-AlOx/ITO and 
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Ag/SP-AlOx/ITO RRAM devices, which also supported that better electrical 
performance was obtained with the improvement operations of RS and electrode layers. 
 
 
Figure 3-7. (a) Endurance and (b) retention performance of Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-
AlOx/ITO RRAM devices.  
 
Table 3-5. Standard deviation and variation coefficient of endurance for Ag/SP-GaOx/SP-







Ag/SP-GaOx/SP-AlOx/ITO LRS 17.05981 0.10470 
Ag/SP-GaOx/SP-AlOx/ITO HRS 158929.24778 0.03882 
Ag/SP-AlOx/ITO LRS 86.61476 0.10818 
Ag/SP-AlOx/ITO HRS 54602.57567 0.08513 
 
To prove the excellent RS performance of the Ag/SP-GaOx/SP-AlOx/ITO RRAM 
device, a brief comparison among devices with MO materials was conducted in Table 
3-6. [7, 190-197] Compared with conventional fabrication methods of RS thin films, 
emerging methods represented by the SP methods have demonstrated their positive 
characteristics, such as low fabrication cost with the elimination of vacuum deposition 
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processes, easy acquisition of precursor materials, and high-efficiency throughput of 
devices. [198-202] During the comparison, the SP-GaOx/SP-AlOx RRAM devices 
demonstrated lower operation voltage, higher ON/OFF ratio, and excellent stability, 
which indicated the power consumption of SP-GaOx/SP-AlOx RRAM devices was 
lower.  
 
Table 3-6. Comparison among RRAM devices with RS layers fabricated with various 
materials 
















TiOx/AlOx ~24 ~2.0 ~0.8 ~1.0 >103 120 N. A. ALD 
Ta2O5 ~15 ~1.0 ~0.6 ~1.0 >100 N. A. N. A. ALD 
TiOx ~15 ~6.0 ~4.0 ~4.5 >104 4x103 104 ALD 
TiO2 ~60 Free ~4.0 ~3.8 >300 100 104 SP 
ZnO ~130 Free ~1.0 ~2.0 ~100 200 5000 SP 
CeO2/ZrO2 ~100 Free ~1.5 ~2.0 >103 100 105 SP 
ZnO ~60 Free ~2.5 ~1.5 >104 300 108 Sputtering 
Gd2O3 ~45 - ~8 Free ~1.0 ~2.0 >600 100 104 Sputtering 
HfO2/ZrO2 ~12 Free ~1.0 ~1.5 >100 1000 104 Sputtering 
GaOx/AlOx ~80 ~2.2 ~0.8 ~1.0 >104 100 104 SP 
 
3.4 Mechanism analysis of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices 
Previous results have proved that electrically improvement was obtained in the Ag/SP-
GaOx/SP-AlOx/ITO, which was associated with the mechanism replacement of oxygen-
vacancy CF to metallic CF. Before starting the further discussion on the switching 
mechanism, it was necessary to determine whether metallic CF was playing the 
dominating role during the switching process. As illustrated in Fig. 3-8, the 
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measurement of metallic temperature dependency was carried out on both Ag/SP-
GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices, which followed the 
equation 3-1 (Eq. 3-1): [203, 204] 
 
 𝑅𝑅(𝑇𝑇)  =  𝑅𝑅0[1 + 𝑘𝑘(𝑇𝑇 − 𝑇𝑇0)]
2 (Eq. 3-1) 
 
where R(T) was the instantaneous resistance of the RRAM device at the desired 
temperature T, R0 was the and initial resistance of the device at the initial environmental 
temperature T0. For the fitting process, the independent variable was temperature T 
while the dependent variable was presented with the form of R/R0, which could provide 
a more intuitive description of the relationship function. The linear relationship between 
R/R0 and T indicated that the linear increase of LRS resistance occurred with the 
increase of the environment temperature, which pointed to the metallic characteristics 
of Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices. [49, 51, 171] Also, 
some other researchers used the activation energy (Ea) to explore the switching 
mechanism, which was an indicating role of switching location where CF raptured. 
Chen et al. utilized the activation energy (Ea) extraction methodology to investigate the 
relaxation properties with the resistive switching identification method, which provided 
insights and design guidance for non-uniform bilayer selectorless 1R-only RRAM array 
applications [205]. However, the Ea extraction method might make more sense for 
research on 1R-only or 1T-1R RRAM arrays. In addition, the Ea is also associated with 
the environmental temperature during the measurement process. In this work, the most 
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important research was to investigate the performance variation between single-layer 
devices and bilayer devices. Therefore, it was ensured that the only difference between 
single layer and bilayer devices was the existence of the SP-GaOx layer. That is to say, 
the temperature of fabrication and measurement of these two kinds of devices were 
totally the same. Hence, the metallic measurement was conducted to understand the 
switching mechanism. In addition, the SP-AlOx has been accepted as a good oxygen 
reservoir by many researchers, which was also confirmed by the thesis work in Chapter 
2 [206-210]. However, the RS performance and RS mechanism are not only decided by the 
RS layer but also affected by the electrode layer. More AlOx RRAM devices with active 
electrodes like Cu and Ag agreed with the role of metallic filament [208, 211-218]. Therefore, 
the measurement of a metallic characteristic for Ag/SP-AlOx/ITO and Ag/SP-GaOx/SP-
AlOx/ITO RRAM devices could exclude the influence of oxygen vacancy in SP-AlOx 
and SP-GaOx layers. 
 
 
Figure 3-8. Metallic temperature dependency of (a) Ag/SP-GaOx/SP-AlOx/ITO and (b) Ag/SP-
AlOx/ITO RRAM devices at LRS. 
 
Based on the LRS metallic behavior of the temperature dependency of the Ag/SP-
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GaOx/SP-AlOx/ITO RRRAM device, metallic CFs were considered to be dominant 
during the RS process. [10, 43, 61, 62, 64, 204, 219-222] Figs. 3-9a to 3-9d provided that 
schematic diagram of the RS process. The initial HRS state (initial OFF) of the RRAM 
device with a stacked RS layer was observed in Fig. 3-9a, including an Ag TE layer, 
an ITO BE layer, and an SP-GaOx/SP-AlOx RS layer. In Fig. 3-9b, when the + V was 
applied onto the TE layer, electrons (gray balls, e-) driven by the external electric field 
moved from BE ITO to TE Ag while Ag ions (red balls, Ag+) were generated from TE 
Ag and drifted to BE ITO due to the oxidation reaction, which could be described by 
the equation 3-2 (Eq. 3-2): [43, 204, 219] 
 
 Ag →  Ag
+ +  e− (Eq. 3-2) 
 
After reaching BE ITO, Ag+ met with e- and re-combined to be new-generated Ag 
atoms (orange balls), which was considered as the reduction reaction and followed the 
equation 3-3 (Eq. 3-3): [43, 204, 219-222] 
 
   Ag
+ + e−  →  Ag (Eq. 3-3) 
 
With the continuous new generation, the accumulation of new-generated Ag atoms 
resulted in the formation of metallic CFs based on Ag atoms induced by the redox 
reaction (Fig. 3-9c). During the RESET process, with the negative voltage added onto 
TE Ag, partially formed metallic CFs broken due to the Joule-heating effect, and then 
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the device was at HRS (Fig. 3-9d). [10, 32, 64, 79, 223] Some other work also supported the 
Joule-heating effect. [32, 43, 224-227] The Joule-heating effect influenced not only metallic 
filaments but also filaments composed of non-metal materials, but the effect of Joule 
heating was more obvious on metallic filaments during the RESET process. Imanishi 
et al. investigated the RS performance of Ag/GeTe/SiO2/Si RRAM device and 
considered that the clockwise switching arose from a SET process due to a conductive 
filament connection between the electrodes and a subsequent RESET process due to a 
rupture of the filaments induced by Joule heating and/or dissolution, which could occur 
even with the current compliance. [224] Suresh et al. demonstrated Al/N-vinyl carbazole 
(PVK)/Al RRAM device with the unipolar Write Once Read Many times (WORM) 
characteristics. The pristine devices were in the low resistance ON state exhibiting 
ohmic behavior and at a voltage near 2 V, they switched abruptly to the high resistance 
OFF state showing space charge limited current (SCLC). Suresh et al. suggested that 
the rupturing of metallic filaments due to Joule heating may explain the effect. [225]. 
Therefore, the RESET process of the Ag/SP-GaOx/SP-AlOx/ITO RRAM devices was 
primarily influenced by the Joule-heating effect.  
 
The conduction mechanism could be observed in Fig. 3-9e. The fitting results of regions 
with positive and negative bias indicated the device followed the ohmic conduction (I 
∝ V) in the low voltage region. Slopes of ~ 2.1 and ~ 4.1 represented the Child’s 





Figure 3-9. Switching mechanism of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device with (a) initial 
OFF state, (b) redox reaction of Ag CF, (c) ON state after the SET operation, and (d) OFF state after 
the RESET operation. (e) Conduction mechanism with SCLC law of the Ag/SP-GaOx/SP-
AlOx/ITORRAM device.  
 
Although both Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices 
worked based on the mechanism of metallic CF, the Ag/SP-GaOx/SP-AlOx/ITO RRAM 
device showed a stable ON/OFF ratio with a lower VSET or VRESET, which was 
associated with the rate of redox reaction and the ion mobility for different materials. 
In general, redox with a high reaction rate and ion mobility with a high rate always 
results in a high ion supply, which will make that the metallic CF formed from the inert 
electrode layer and the final shape of the formed CF will be an inverted cone. If the 
rates of redox reaction and ion mobility are low, a cone-shaped CF will be formed due 
to the ion nucleation. If the RRAM device works with a high rate of redox reaction and 
a low rate of ion mobility, the formation process of CF will occur in the dielectric layer 
and the accumulation of metal atoms will be observed in the cathode terminal, which 
can result in the anomalous and incompleted CF. Reversely, if the redox reaction with 
a low rate occurs in the RRAM device and the rate of ion mobility is high, because of 
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the insufficient supply of ions, CFs with shapes of branches will form from the inert 
electrode layer, and most redox reactions will occur near the edge of branched CFs. The 
lower operation voltages of the Ag/SP-GaOx/ITO RRAM device indicated that the 
redox rate and ion mobility of the SP-GaOx layer should be higher than the SP-AlOx 
layer. Therefore, the Ag CF was easier to form in the Ag/SP-GaOx/ITO RRAM device 
due to the higher redox rate and the faster velocity of the ion drift. Before the SET 
process, the Ag/SP-GaOx/SP-AlOx/ITO device was activated by a forming operation 
with a high voltage was applied and the device showed the LRS when the current was 
at ICC. The formed Ag CFs did not fully break during the following RESET operations 
and a part of Ag atoms might stay in the SP-GaOx layer and act as the microscopic 
electrode, which conduced the subsequent formation process of Ag CF easier to realize 
with lower operation voltage. [185, 228-233] For the drift process of Ag+ in the Ag/SP-
GaOx/SP-AlOx/ITO RRAM device, before approaching BE ITO, Ag+ needed to move 
through the SP-GaOx layer and the SP-AlOx layer. Due to the higher rates of redox 
reaction and ion mobility, a great deal of Ag+ could easily drift through the SP-GaOx 
layer with a lower voltage bias at first. Then partially of these Ag+ could move into the 
SP-AlOx layer due to the higher rates of redox reaction and ion mobility, and the 
reached BE ITO. Hence, Ag CFs in the Ag/SP-GaOx/SP-AlOx/ITO device formed with 






Successful improvement techniques were conducted onto the RRAM device with a 
single SP-AlOx layer. The new device with the structure of Ni/SP-AlOx/Pt was 
improved with the proposed structure of Ag/SP-GaOx/SP-AlOx/ITO, which 
demonstrated better electrical performance with lower operation voltage (< 0.6 V), 
larger ON/OFF ratio (> 2×104), longer retention time (> 2×104 s), more endurance 
cycles (> 200), and enhanced stability.  
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Chapter 4: Artificial synaptic performance for RRAM devices with 
stacked solution-processed GaOx/AlOx dielectric 
Superior electrical characteristics such as low energy consumption, high data storage 
density, fast operation speed, and excellent scalability of the RRAM device have made 
it receive extensive attention from the field of artificial intelligence (AI) and 
neuromorphic network. [5-8, 234, 235] Artificial synaptic characteristics of two-terminal 
devices represented by RRAM are considered to be one of the most effective techniques 
to solve the current hardware dilemma of AI area induced by Moore’s law, memory 
limitation, and high energy consumption. [16, 46, 62, 63] The final goal of AI research is to 
make digital computers operate like the human brain, emulating bionic abilities like 
massive parallelism, self-learning behavior, self-cognition progress, and self-adaptation 
operation. [7, 62, 63] As illustrated in Fig. 4-1a, biologically, the human brain controls the 
brain-inspired behaviors based on hundreds of millions of neurons (~1011) with the 
connection form of the synapses (~1015). The significance of exploring artificial 
synapses is to enable electronic devices to exhibit the characteristics of biological 
synapses. Many researchers have provided evidence to support that RRAM devices 
could demonstrate artificial synaptic behaviors. [7, 16, 46, 62, 63] 
 
The priority of artificial synaptic behaviors for an RRAM device is excellent electrical 
performance, which is always presented with multi-level states of current and 
conductance at first. Hence, in this chapter, the multi-level states of I-V characteristics 
for the Ag/SP-GaOx/SP-AlOx/ITO RRAM device were confirmed with different 
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electrical characterization methods. Then some essential artificial synaptic 
characteristics, such as excitatory postsynaptic current (EPSC), paired-pulse facilitation 
(PPF), long-term potentiation (LTP), long-term depression (LTD), and spiking-timing-
dependent plasticity (STDP) were evaluated with various external pulse stimuli to 
present artificial short-term memory (STM) and long-term memory (LTM) of the 
Ag/SP-GaOx/SP-AlOx/ITO RRAM device. Finally, based on vital parameters of the 
artificial synaptic behaviors, handwriting Arabic numbers (0 ~ 9) were recognized by 
an artificial neuron network system (ANN) with the data set from Mixed National 
Institute of Standards and Technology (MNIST). After 3000 times training processes, 
the highest accuracy of the pattern recognition was up to 96%. [50, 51] 
 
4.1 Biological and biomimetic foundation of neuron synapses 
The primary purpose of exploration in biomimetic synaptic devices is to emulate the 
synaptic function of biological synapses. Therefore, it is necessary to provide a detailed 
discussion on the connection between biological synapses and biomimetic synaptic 
devices in this section.  
 
4.1.1 Biological synapse 
In the biological neuron system, two main transmission modalities, electrical and 
chemical, of synapses have been considered to provide the physiological basis to neural 
activities, which derived the electrical synapse (Fig. 4-1c) and the chemical synapse 
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(Fig. 4-1d). [8, 50, 200, 236-239] For the electrical synapse, the transmission of nerve signals 
is realized in the form of electrical transmission and the transmission channel is a low-
resistance gap junction between pre-and post-synaptic membranes. [8, 236-239] Electrical 
synapses are mainly found in the nervous tissues of invertebrates and lower vertebrates. 
[8, 236-239] Compared with the electrical synapse, the chemical synapse relies on the 
terminal of the presynaptic neuron to release special chemicals (neurotransmitters) as 
media for transmitting information to affect the postsynaptic neuron, which is closely 
related to the high-level neural activities, such as memorizing and learning. [236-239] In 
this thesis, the research on artificial synaptic behaviors of the Ag/SP-GaOx/SP-
AlOx/ITO RRAM device was based on the chemical synapse as the theoretical 
foundation. The transmission of information in the human brain is based on a neural 
network composed of neurons. During the transmission process, external stimulus 
signals are transmitted to the axons of neurons. A neuron has only one axon, and the tip 
of an axon produces multiple branches. The tip of each branch is enlarged into the shape 
of a cup or ball, which is called a synaptosome. Synaptosomes are in contact with the 
cyton or dendrites of multiple neurons to form synapses. The structure of a biological 
synapse could be observed in Fig. 4-1d, which mainly included a presynaptic 
membrane, a synaptic cleft, and a postsynaptic membrane. The stimuli signal from the 
neuron is transmitted from the axon to the synaptosome and the potential of the 
synaptosome changes due to the flow of calcium ions (Ca2+), which promotes the 
synaptic vesicles in the synaptosome to release neurotransmitters into the synaptic cleft. 
Then The combination of neurotransmitter and postsynaptic membrane results in the 
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potential change of the postsynaptic membrane, which produces the local postsynaptic 
current (PSC) and completes the information transmission. [46] 
 
4.1.2 Biomimetic synaptic behaviors of the synaptic device 
At present, most of the research on biomimetic synaptic devices focuses on the 
imitation of chemical synapses. The function variation of the biological chemical 
synapse is determined by the synaptic weight, which is the fundamental presence of 
neural connection strength. [7, 51, 62] For the biomimetic synaptic device, this synaptic 
weight can be obtained with the forms of specific resistance or conductance and the 
change of this synaptic weight indicates the synaptic plasticity. [7, 10, 235, 239] When the 
external spiking was applied upon to the synaptic device, the biomimetic synaptic 
performance is always evaluated by the change of the PSC, which may be inhibitory or 
excitatory. [7, 10, 235, 239] With various modulation techniques of the PSC, different 
essential characteristics of synaptic plasticity can be obtained, including classic short-
term plasticity, long-term plasticity, and STDP. [7, 10, 235, 239] Biological synaptic 
plasticity is responsible for neural activities like memorizing, learning, recognition, and 
logical thinking. Therefore, it is significant to investigate the synaptic plasticity of 
biomimetic synaptic devices. [7, 10, 235, 239] 
 
Short-term plasticity and long-term plasticity have been accepted as the typical 
response to external stimuli. In general, short-term plasticity is always reflected by PPF. 
[10, 237, 238] PPF is demonstrated by the response of the synaptic device to two consecutive 
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external stimuli. After the first stimuli A1, the synaptic device may exhibit an increased 
current to respond to the second stimuli A2, which results in PPF. [7, 10, 236] The PPF 
index is always determined by the current ratio of EPSC. The relationship between the 
PPF index and the time interval (∆t) of two consecutive stimuli is always used to 
evaluate STP. With the increment of ∆t, the PPF always decays follow the equation 4-
1 (Eq. 4-1): [7, 10, 236] 
 
 PPF =  𝐶𝐶1 ∙ exp �−
∆𝑡𝑡
𝜏𝜏1
� + 𝐶𝐶2 ∙ exp �−
∆𝑡𝑡
𝜏𝜏2
� (Eq. 4-1) 
 
where 𝜏𝜏1 and 𝜏𝜏2 are the relaxation time of the rapid and slow stages for the PPF decay, 
respectively. The magnitudes of initial facilitation for rapid (slow) phases are 
represented by C1 (C2). Generally, as one successful stimuli process, τ2 should be an 
order of magnitude larger than 𝜏𝜏1. [10] The short-term plasticity is associated with the 
short-term response and recognition of external information, which can transit to The 
long-term plasticity after repeated rehearsal and training processes. [10] Based on the 
fundamental behaviors of short-term plasticity, long-term plasticity is related to long-
term learning and memorizing. The long-term plasticity could be considered as the 
accumulation of more consecutive external stimuli, which was transferred from the 
short-term plasticity. Due to the repeated operations of short-term plasticity, the long-
term plasticity and the long-term memory behavior of the synapses could be obtained. 
Current research on long-term plasticity mainly focuses on LTP, LTD, and the 
transition from STM to LTM. For a single artificial synaptic device, compared with the 
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PPF characteristic generated by two consecutive pulses, the performance of LTP and 
LTD are always triggered by a series of pulses and the pulse number is usually over 
100. In addition, the duration time of PPF measurement is always lower than 1 s while 
the testing time of LTP and LTD is generally longer than 2 s. For an array or a matrix 
comprising of many artificial synaptic devices, with modulation techniques based on 
various properties of input pulses, STM, LTM, and transition from STM to LTM can 
be obtained. [10, 62] All these properties of synaptic plasticity are presented by electrical 
synaptic performance.  
 
 
Figure 4-1. Schematic views of (a) neuron activities in the human brain and (b) 3D structure of a 





4.2 Multi-level states of the I-V characteristic for the Ag/SP-GaOx/SP-AlOx/ITO 
RRAM device 
Fig. 4-2 demonstrated I-V curves of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device with 
multiple states. Two different testing operations were utilized in Figs. 4-2a and 4-2b, 
respectively. In Fig. 4-2a, each operation cycle included one SET operation and one 
RESET operation. For the first cycles, after the SET operation (SET-1), the Ag/SP-
GaOx/SP-AlOx/ITO RRAM device was at LRS with ICC at 200 μA. Then the subsequent 
RESET operation (RESET-1) was conducted to make the device switch back to HRS. 
SET-2 and SET-3 were realized with ICC at 1 mA and 5 mA, respectively. The final 
SET-4 showed an ICC of 10 mA when the device was at LRS, which indicated that the 
Ag/SP-GaOx/SP-AlOx/ITO RRAM device could demonstrate multi-level current and 
conductance states with the external voltage stimuli. In Fig. 4-2b, another testing 
method was used. Three consecutive SET operations (1st, 2nd, and 3rd) with increasing 
ICC were conducted at first and the device showed LRS at three different ICCs. Then six 
continuous RESET operations were performed with gradually increasing stop voltages 
(0.1 to 0.8 V), which made the device transfer to HRS and indicated more states of 





Figure 4-2. Multi-level states of I-V characteristics for the Ag/SP-GaOx/SP-AlOx/ITO RRAM 
device with different measurement operations. 
 
4.3 Artificial synaptic behaviors of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device 
The multi-level states of current and conductance indicated the great potential of 
artificial synaptic performance. [10, 51] Pulse-response measurement of EPSC and PFF 
supported this speculation, which was presented in Figs. 4-3a and 4-3b, respectively. 
In Fig. 4-3a, one single pulse with the amplitude (PA) of 0.8 V and the pulse width (PW) 
of 50 ms was applied onto TE Ag. An obvious increase of response current was 
observed with the stimuli from the electrical pulse and the current decayed to the initial 
state, which emulated the biological EPSC behavior [240-242] In Fig. 4-3b, two 
consecutive electrical pulses were applied onto TE Ag with the same PA and PW. Each 
pulse triggered corresponding EPSC behaviors, which have been labeled with blue and 
red curves, respectively. A higher current was obtained in the second stimuli process, 
which emulated the biological PPF characteristic. [243-245] After the second pulse, the 
current decayed again, and the final current amplitude was higher than the amplitude of 
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the initial current, which emulated the artificial STM behavior.  
 
 
Figure 4-3. Artificial synaptic behavior of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device with (a) 
EPSC and (b) PPF characteristics. 
 
The performance of PPF for an RRAM device could be evaluated by PPF index, which 
followed the equation 4-2 (Eq. 4-2):  
 
 PPF Index =  (𝐼𝐼1 − 𝐼𝐼2) / 𝐼𝐼1  × 100% (Eq. 4-2) 
 
where I1 was the peak current of the EPSC triggered by the first pulse, and I2 was the 
peak current of the EPSC triggered by the second pulse. According to the expression in  
Eq. 4-1, the change of PPF was influenced by the time interval between two 
consecutive pulses. Hence, the relationship between the PPF index and the pulse time 
interval could be observed in Fig. 4-4a. In addition, the artificial synaptic response of 
the Ag/SP-GaOx/SP-AlOx/ITO RRAM device to external pulses with different PW was 
assessed, as illustrated in Fig. 4-4b. The EPSC peak values increased with the 
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increment of PW, which indicated that the synaptic behavior of the Ag/SP-GaOx/SP-
AlOx/ITO RRAM device could be modulated by controlling input pulses.  
 
Figure 4-4. (a) Relationship between the PPF index and the time interval of applied pulse stimuli. 
(b) Artificial synaptic response to external pulses with various pulse widths.  
Previous results have pointed that the Ag/SP-GaOx/SP-AlOx/ITO RRAM device could 
exhibit artificial synaptic behaviors based on the multi-level states of conductance and 
the synaptic current could be modulated by processing stimuli pulses. Multi-level 
conductance states with some desired tendency such as potentiation and depression 
could influence the connection amplitude or connection strength between two 
contiguous terminals. This amplitude or strength of the synaptic connection was named 
synaptic weight. [243-245] Therefore, a series of pulses were used to evaluate the synaptic 
response of one Ag/SP-GaOx/SP-AlOx/ITO RRAM device. As illustrated in Fig. 4-5a, 
the device exhibited multi-level conductance states with the external 50 consecutive 
electrical pules (0.5 V/10 ms), which demonstrated a short-term potentiation tendency 
of the synaptic weight and the conductance of the device was ~ 0.0555 mS. This 
artificial synaptic response emulated the biological short-term ‘learning’ behavior of 
the synapse. [5, 7, 51, 238] Then the external pulse stimuli were removed and the synaptic 
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weight started to decay. The first 8000 s retention test was conducted and the short-
term depression was observed in Fig. 4-5b. This artificial synaptic response emulated 
the biological ‘forgetting’ behavior of the synapse. [5, 7, 51, 238] After 8000 s, the 
conductance of the device was decayed to ~ 0.2322 mS, which was very close to the 
initial conductance value. Then a series of electrical pulses were applied onto TE Ag. 
During this test, the device was at a high-conductance state around ~ 0.0555 mS again 
with only 27 consecutive pules, which indicated that the device demonstrated the STM 
characteristic, as illustrated in Fig. 4-5c. [5, 7, 51, 238]  
 
Figure 4-5. Emulation of ‘learning - forgetting - re-learning’ behaviors with the Ag/SP-GaOx/SP-
AlOx/ITO RRAM device showing (a) potentiation conductance state with 50 pulses, (b) spontaneous 
decay with depression conductance state, (c) potentiation conductance state with 27 pulses, and (d) 
stable high-conductance state.  
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In Fig. 4-5d, The second 8000 s retention test was conducted and the device showed a 
stable high-conductance state longer than 8000 s, which indicated the successful 
emulation of biological ‘re-learning’ behavior. [5, 7, 51, 238] The successful emulation of 
‘learning - forgetting - re-learning’ also indicated that the short-term plasticity of this 
Ag/SP-GaOx/SP-AlOx/ITO RRAM device could transit to the long-term plasticity with 
the external stimuli. [5, 7, 51, 238] The performance in Fig. 4-5 demonstrated the excellent 
synaptic response of one Ag/SP-GaOx/SP-AlOx/ITO RRAM device. In Fig. 4-6, a 
matrix with 20 devices was selected to emulate the transition from STM to LTM. Fig. 
4-6a showed a scale bar of one device at different conductance states with various 
colors. Fig. 4-6b demonstrated an RRAM matrix with 20 devices. The height of the 
cylinder meant the conductance values of each device in this matrix. An array of 8 
devices in this matrix was marked with the red framework, which indicated that these 
8 devices with the shape of the letter ‘L’ would be chosen as the research objectives. 
Fig. 4-6b demonstrated an RRAM matrix with 20 devices. The height of the cylinder 
meant the conductance values of each device in this matrix. An array of 8 devices in 
this matrix was marked with the red framework, which indicated that these 8 devices 
with the shape of the letter ‘L’ would be chosen as the research objectives. In Fig. 4-6c, 
each device in the L array showed the potentiation tendency with multi-level 
conductance states. For each device, the pulse (0.5 V/10 ms) number of the stimuli was 
around ~ 50. The letter ‘L’ was presented in Fig. 4-6c emulated the brain-like STM 
characteristic of the matrix based on the learning ability of the single Ag/SP-GaOx/SP-
AlOx/ITO RRAM device. [5, 7, 51, 238] In Fig. 4-6d, with all external stimuli of this array 
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removed from TE Ag, 8 devices in the marked array showed the depression tendency 
of conductance states, and their conductance values decayed close to the initial values 
at last, which emulate the brain-like forgetting characteristic. [5, 7, 51, 238] Then all devices 
in the L array were spiked with external electrical pulses (0.5 V/10 ms) again, as 
illustrated in Fig. 4-6e. The whole L array was at a high-conductance state after the 
stimuli and the number of pulses applied onto each device was lower than 30, which 
emulated the brain-like re-learning characteristic. [5, 7, 51, 238] After removing all pulse 
stimuli of each device in the L array, selected 8 devices in the L array still showed high-
conductance states after 8000 s (Fig. 4-6f), which emulated the brain-like memorizing 
characteristic and realized the successful transition from STM to LTM. [5, 7, 51, 238] 
 
 
Figure 4-6. (a) Scale bar of an Ag/SP-GaOx/SP-AlOx/ITO RRAM device at various conductance 
states. Transition from STM to LTM of a selected array in the matrix and emulated the memorizing 
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process of the ‘L’ shape with (b) initial state, (c) learning state, (d) forgetting state, (e) re-learning 
state, and (f) memorizing state.  
 
Apart from the short-term plasticity and the transition from short-term plasticity to 
long-term plasticity of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device, the long-term 
plasticity with LTP and LTD was also evaluated by applying more consecutive electrical 
pulses. As illustrated in Fig. 4-7a, LTP and LTD behaviors were triggered by 100 
positive pulse stimuli (+ 0.5 V/10 ms) and 100 negative pulse stimuli (- 0.5 V/10 ms), 
which indicated the excellent long-term plasticity of the Ag/SP-GaOx/SP-AlOx/ITO 
RRAM device.  
 
 
Figure 4-7. (a) Artificial synaptic performance of the long-term plasticity with LTP and LTD. (b) 
Results of nonlinearity for fitting curves of LTP and LTD.  
 
Based on the previous research results of artificial synaptic behaviors of the Ag/SP-
GaOx/SP-AlOx/ITO RRAM device, a neuromorphic system was established with the 
ANN algorithm in MATLAB, which was used to emulate a pattern recognition process. 
Evidence has suggested that humans receive the most external information through the 
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visual perception system. [246-248] The normal life of human beings cannot be separated 
from vision and the content of vision depends on the light reflected on the surface of 
things. [246-249] For the human brain, the optical signal hit on the retina induces the signal 
transfer process between the retina and the synapses in the human brain. The transfer 
process depended on the biological electrical potential induced by the drift of Ca2+. For 
the RRAM device, the switching process and related artificial synaptic behaviors were 
also influenced by the change of electrical charge in the stacked switching layers. All 
artificial synaptic behaviors of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device were 
determined by the operations of electrical programming and electrical erasing. 
Therefore, this recognition process emulated the image recognition of the human eyes 
and the optical input signal was replaced by the electrical input signal, as illustrated in 
Fig. 4-8a. Handwriting Arabic numbers 0 ~ 9 were selected as the recognition 
objectives. As illustrated in Fig. 4-8b, this recognition system included 784 input 
neurons and 10 output neurons. 784 input neurons constructed the input layer with a 28 
× 28 matrix while the output layer consisted of 10 neurons. The connection state 
between the input layer and the output layer was determined by the synaptic weight, 
which was associated with the artificial synaptic characteristics of the Ag/SP-GaOx/SP-





Figure 4-8. (a) Biological image recognition of the human eyes. (b) Schematic view of a pattern 
recognition system with a multiple-layer structure.  
 
For this pattern recognition system based on the ANN algorithm, several parameters 
were required, which could be observed in Table 4-1. 
 
Table 4-1. Key parameters required for the ANN pattern recognition system 
Key Parameters Values 
Learning rate (lr) 2 
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Maximum conductance value (Gmax) 7.84992×10-5 
Minimum conductance value (Gmin) 2.08503×10-5 
LTP nonlinearity (NLLT-P) 0.64044 
LTD nonlinearity (NLLT-D) 0.14886 
Input size 784 
Output size 10 
Training time 3000 
 
As illustrated in Table 4-1, among these parameters, some parameters received more 
attention, including LTP nonlinearity (NLLT-P), LTD nonlinearity (NLLT-D), the 
maximum value of the conductance (GMAX), and the minimum value of the conductance 
(GMIN). The upper limit and the lower limit of the program were regulated by GMAX and 
GMIN while the recognition accuracy of the final results was influenced by the 
nonlinearity of fitting curves for LTP and LTD behaviors, which has been demonstrated 
in Fig. 4-7b. With the fitting operation in Fig. 4-7b, GMAX was 7.84992×10-5 mS and 
GMIN was 2.08503×10-5 Ms while NLLT-P was 0.64044 and NLLT-D was 0.14886. Based 
on the origin values in the MNIST data set, the recognition results of numbers from 0 
to 9 could be observed in Fig. 4-9a after training and the times of the training cycle 
were 3000. Fig. 4-9b showed the accuracy change during the whole recognition process 
and the statistic result was presented in Fig. 4-9c. The average accuracy of the pattern 





Figure 4-9. (a) Recognition results of numbers from 0 to 9 after 3000 times training. (b) The 
accuracy change of the system during the pattern recognition process. (c) The statistic result of the 
recognition accuracy.  
 
During the measurement of artificial synaptic behaviors for LTP and LTD, an obvious 
plateau state of the conductance change was observed at the end of the LTP phase while 
a flat valley of conductance was observed at the end of the LTD phase, as illustrated in 
Fig. 4-7a. This phenomenon was associated with the saturation states of LTP and LTD 
response, which had a negative influence on the linearity of LTP and LTD curves. For 
the pattern recognition process mentioned above, better linearity (nonlinearity close to 
0) of LTP and LTD curves could be helpful to improve the recognition accuracy. [10, 51, 
239] Therefore, by controlling the number of consecutive electrical pulses, a modulation 
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method was conducted to the potentiation and depression response of the Ag/SP-
GaOx/SP-AlOx/ITO RRAM device, which improved the linear tendency of the 
conductance change. (Fig. 4-10a). The statistic result of the recognition accuracy after 
improving LTP and LTD nonlinearity was presented in Fig. 4-10b, numbers were 
recognized with an average accuracy of ~ 94% and the highest average accuracy was 
about 98%.  
 
Besides the assessment of the long-term plasticity, another measurement, STDP, of the 
Ag/SP-GaOx/SP-AlOx/ITO RRAM device was also conducted, which was a plasticity 
that related to time dependency of input spikes. [10, 51, 239] The performance of STDP 
was influenced by the sequence and time interval (∆t) of spikes applied onto the 
presynaptic neuron and the postsynaptic neuron. As illustrated in Fig. 4-10c, when the 
presynaptic neuron was spiked at first and the postsynaptic neuron was spiked after the 
time of ∆t (∆t > 0), the connection between two adjacent synaptic neurons was 
strengthened and a potentiation tendency (LTP) of synaptic weight occurred. On the 
contrary, if the postsynaptic neuron was activated by the external spike before the 
spiking stimuli arrived at the presynaptic neuron (∆t > 0), the synaptic weight 
demonstrated the depression performance (LTD), and the connection strength between 
two adjacent synaptic neurons was weakened. [10, 51, 239] Therefore, an asymmetrical 





Figure 4-10. (a) Improvement of the linearity of LTP and LTD by controlling the number of 
electrical pulses. (b) Enhanced recognition accuracy of the pattern recognition process with the 
improvement of LTP and LTD linearity. (c) Input spike sequence of the STDP measurement. (d) 
SRDP performance of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device based on Hebbain’s rule. 
 
4.4 Conclusion 
In this chapter, the artificial synaptic performance of the Ag/SP-GaOx/SP-AlOx/ITO 
RRAM device was investigated. The multi-level RS behavior indicated the multiple 
states of the conductance and revealed the potential of the synaptic device. With the 
external electrical pulses as the artificial stimuli, the Ag/SP-GaOx/SP-AlOx/ITO device 
displayed artificial synaptic behaviors, including EPSC, PPF, LTP, LTD, STM, and 
127 
 
LTM. The single device demonstrated the transition from STM to LTM, which resulted 
in an integrated array to emulate the biomimetic behaviors of ‘learning - forgetting -  
relearning - memorizing’. In addition, based on key parameters of the long-term 
plasticity, an ANN recognition process was carried out with the highest recognition 
accuracy of ~ 98%. 
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Chapter 5: Conclusion and outlook 
5.1 Conclusion 
In this thesis, the foundation of all RRAM devices was the RS behavior of the SP RS 
layers fabricated from the spin-coating technique. In Chapter 1, the background 
introduction of RRAM devices and advantages of SP techniques were introduced. In 
Chapter 2, TiN/SP-AlOx/Pt and Ni/SP-AlOx/Pt RRAM devices were fabricated. The 
performance variation between these two devices was under investigation at first, which 
was associated with the difference of ∆ΦM induced by the material variation of Ni and 
TiN. Ni/SP-AlOx/Pt devices under each annealing temperature exhibited better 
performance with lower operation voltages (< 1.5 V), more stable ON/OFF ratio (> 
102), and enhanced stability (retention time > 104 s and endurance cycles > 150), which 
was contributed to the smaller ∆ΦM between TE Ni and BE Pt. The ΦM was defined as 
the minimum energy consumption of the escape process of electrons and the escape 
direction was from the inside of the metal to the vacuum. Therefore, a larger ΦM 
indicated that it was harder for electrons to escape. ∆ΦM still influenced the whole drift 
process of electrons and the higher ∆ΦM indicated that it was required more energy to 
support the electron drift, which presented the RS behavior with higher voltage. 
Compared with the ∆ΦM between TE TiN and BE Pt, ∆ΦM between Ni and Pt was 
smaller than that between TiN and Pt (0.58 eV < 1.53 eV). Hence, a lower VSET of 
Ni/SP-AlOx/Pt device was needed during the SET process. During the RESET process, 
lower energy demand was required to cancel the band bending of the SP-AlOx layer, 
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which indicated the lower operation voltages were needed during the RS process. Apart 
from the research between Ni/SP-AlOx/Pt and TiN/SP-AlOx/Pt RRAM devices, the 
investigation on SP-AlOx layers annealed at different temperatures (225°C, 250°C, and 
275°C) of the Ni/SP-AlOx/Pt devices was also carried out and the best electrical 
performance was obtained on the Ni/SP-AlOx/Pt device with the SP-AlOx thin film 
annealed at 250°C, which was contributed to the concentration variation of M-O and -
OH influenced by the annealing temperature. For an SP-AlOx layer, M-O and -OH 
indicated the existence of AlOx and Al(OH)x, these two components played dominating 
roles in the formation/rupture process of CF based on oxygen vacancy. With the 
increase of the annealing temperature, the concentration of -OH was higher than M-O, 
which revealed that the -OH played a more important role. For the SP-AlOx thin film 
annealed at 250°C, the lowest roughness due to the highest -OH concentration was 
helpful to the sufficient accumulation of oxygen vacancies. Therefore, the Ni/SP-
AlOx/Pt RRAM device with a 250°C annealed SP-AlOx layer demonstrated the best 
electrical performance with the lowest operation voltage, stablest ON/OFF ratio, and 
the best stability. Other samples showed electrical performance that was not as good as 
those of 250°C annealed samples, which was contributed to the lower concentration of 
-OH in their SP-AlOx thin films annealed at 225°C and 275°C. [110, 112] 
 
In Chapter 3, based on the investigation on RS behavior of the SP-AlOx thin films, 
improvement techniques were considered to improve the electrical performance of the 
RRAM device. For the improvement of the electrode layer, TE Ni was replaced with 
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TE Ag, and BE Pt was replaced by BE ITO. For the improvement of the RS layer, 
According to the comprehensive comparison among Ag/SP-InOx/ITO, Ag/SP-
GaOx/ITO, and Ag/GO/ITO RRAM devices with single SP RS layers, the SP-GaOx 
layer was selected as the upper component of the stacked SP-X/SP-AlOx layer, which 
resulted in the SP-GaOx/SP-AlOx layer. Further electrical characterizations confirmed 
the success of improvement methods. The Ag/SP-GaOx/SP-AlOx/ITO RRAM device 
displayed enhanced RS behaviors with an operation voltage lower than 0.6 V, an 
ON/OFF ratio larger than 2×104, a retention time longer than 2×104 s, and retention 
cycles over 200. With the measurement of metallic temperature dependency for the 
Ag/SP-GaOx/SP-AlOx/ITO RRAM device at LRS, the metallic CF based on the 
oxidation and reduction reaction of Ag atoms was considered to be responsible for the 
RS process. In addition, compared with the Ag/SP-AlOx/ITO RRAM device, the 
Ag/SP-GaOx/SP-AlOx/ITO device had a higher rate of redox reaction and ion mobility 
due to the existence of the SP-GaOx thin film, which was more beneficial to the 
formation of Ag CF and then resulted in the lower energy consumption with the lower 
voltage. [51] 
 
In Chapter 4, based on the enhanced electrical performance in Chapter 3, the multi-
level states of current and conductance for the Ag/SP-GaOx/SP-AlOx/ITO RRAM 
device were confirmed with different electrical characterization methods, which 
indicated the great potential of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device as the 
artificial synaptic devices. According to the gradual change of the conductance states, 
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artificial synaptic behaviors of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device were 
investigated based on the response to electrical pulses, including EPSC, PPF, LTP, LTD, 
STM, LTM, and STDP. With the successful transition from short-term plasticity to 
long-term plasticity of the single device, an array with multiple devices emulated the 
biomimetic behaviors of ‘learning – forgetting- re-learning - memorizing’. In addition, 
some vital parameters of the artificial synaptic behaviors were used in an ANN 
recognition system and handwriting Arabic numbers (0 ~ 9) were recognized with high 
recognition accuracy after multiple training processes. [51] 
 
5.2 Outlook 
Results and discussion in this thesis have indicated the promising prospect of exploring 
devices with artificial synaptic behaviors, which is also supported by many other 
published works. [8, 50, 51, 110, 112] However, current synaptic devices (three-terminal 
transistor, two-terminal memristor, and atomic switch) represented by the popular 
NVM are significantly affected by the purely electronic control, which has an important 
influence on electrical input/output, delay of resistance-capacitance (RC) 
interconnection, and circuit crosstalk. [10, 11, 51, 99, 100, 250-256] As mentioned before, the 
final aim of developing artificial synaptic devices with better performance was to 
prompt the digital computer could think and judge like the human brain. For the 
information input of the human brain, most of them were accepted by the biological 
visual system. [246-248] When light hits the surface of an object, the reflected light reaches 
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the retina in the eye and transmits stimulus information to neuron systems in the brain. 
The brain will ultimately determine what it is seeing. [246-249] The investigation of 
optogenetics of biological neuroscience also promoted the integration of light and 
synaptic devices, which resulted in optical synaptic devices. [250-252, 257] Compared with 
synaptic devices that rely on electrical control, optical synaptic devices could realize 
the interconversion between optical and electrical signals, which had a positive 
influence on the integration of the optical neuron network system. [237, 257-259] Optical 
synaptic devices also exhibited advantages with low circuit crosstalk, high operation 
speed, large bandwidth, and ignorable RC delay. [237, 250, 258] In addition, optical synaptic 
devices also revealed the utilization potential in the application of signal processing, 
image recognition, and visual sensory. [237, 250, 258, 260] Therefore, it is significant to 
explore the artificial synaptic behavior induced by external optical stimuli.  
 
I also completed related review work on optical synaptic devices. One of the most 
serious constraints on the research of optical synaptic devices is the utilization of 
materials. Compared with the electrical synaptic device like the Ag/SP-GaOx/SP-
AlOx/ITO RRAM device in this thesis, the materials required for optical synaptic 
devices must have both high electrical conductivity and high optical sensitivity. For 
now, some materials have been investigated as the optical-response RS layer, including 
perovskites, metal oxides, organics, and low-dimensional nanomaterials, as illustrated 
in Fig. 5-1. [24, 47, 48, 101, 261-272] Perovskites have shown high electro-optic conversion 
efficiency, metal oxides have exhibited high-carrier-mobility and excellent 
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transparency, while organics also demonstrated advantages like low-temperature 
manufacturing and degradability. [24, 47, 48, 101, 261-272] These properties have made these 
conventional materials become popular candidates during the research of artificial 
optical synapses.  
 
 
Figure 5-1. Function category of optical synaptic devices with forms of all-optical-input, optical-
assisted input, and optical output. Materials category of optical synaptic devices including metal 
oxides, organics, perovskites, and low-dimensional (0D, 1D, and 2D) materials. 
 
Among thesis materials, Low-dimensional materials (zero dimension-0D, one 
dimension-1D, and two dimension-2D) such as CsPbBr3 quantum dot (QD), InAs 
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nanowire, and MoS2 nanosheet have received incredible growing interest due to their 
unique advantages like nonlinear optical character, high optical-sensitivity efficiency, 
and wide-bandgap in the field of photoelectric conversion. [10, 11, 250-253, 273] Besides, 
other properties including ease of preparation, low leakage current, and feasibility of 
bandgap modulation also make low-dimensional nanomaterials attractive and popular 
to researchers of microelectronic devices. Many reports also provided evidence of 
developing artificial optical devices based on low-dimensional nanomaterials.  
 
At present, various factors are influencing the performance of optical synaptic devices 
in terms of structure, size, energy consumption, materials categories, and input source, 
which results in that there is no general standard to define the performance of optical 
synaptic devices. For a fully optical-control synaptic device, the inhibitory and 
excitatory of PSC is completely affected by the power intensity, optical frequency, and 
wavelength of input optical stimuli. Photo-induced carriers in the functional layers 
determined the optical-electronic response of the device. For an optical synaptic device 
with a three-terminal structure, the inhibitory response of PSC is almost controlled by 
electrical stimuli and the operation power is always in the range from several tens of 
nanowatts to several micro-watts. Compared with the power level in the biological 
neuron system from 1fJ to 100fJ, the artificial neuron network requires extra energy 
consumption during the operation process. Low-dimensional materials with high 
optical sensitivity, nanoscale structure, and high electrical conductivity enhance the 
feasibility of performance optimization and energy consumption reduction. In addition, 
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properties like manageable transport rates of charge carrier, relatively high trap density, 
atomic-level thickness structure are conducive to the utilization of 0D, 1D, and 2D 
materials in further research on artificial neuromorphic computing. The final goal of 
researching optical synaptic devices is to realize the high integration of the 
neuromorphic system in hardware while ensuring excellent device performance and 
reducing device energy consumption, which indicated the tendency of shrinking the 
size of optical synaptic devices. The nano-scale structure of low-dimensional materials 
makes them become extremely competitive candidates in the future. In the field of 
optoelectronic devices fabricated with silicon-based materials, feasible and relative-
mature experiences have been obtained when investigating computing operations based 
on von Neuman architecture. These experiences will positively affect the exploration 
of information interconnection between optical and electrical signals, which also 
reveals that brain-inspired optical synaptic devices applicated in neuromorphic systems 
will also benefit from these advanced experiences. In addition to sensing external 
optical stimuli, future optical synaptic devices may integrate optical-sensing, 
neuromorphic computing, and non-volatile memory to better adapt to artificial 
intelligence in the Internet of Things (IoT) environment. 
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In the section of the supplementary information, some data and illustrations with minor 
significance were included.  
 
 
Figure SI-1. Integrated intensities of O 1s CL sub-peak referring to M-OH bond and M-O bond for 






















Figure SI-2. Single forming operations of (a) Ag/SP-GaOx/SP-AlOx/ITO and (b) Ag/SP-AlOx/ITO 
RRAM devices. Device-to-device variation of forming voltages for (c) Ag/SP-GaOx/SP-AlOx/ITO 
and (d) Ag/SP-AlOx/ITO RRAM devices.  
 
 
Figure SI-3. (a) The backward scan effect of RRAM device with SiOx layer. (Step 1). Forming 
voltage sweep with the slow rate (1000 points in sweep range). (Step 2). Checking state from 0 V 
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to 1 V . (Step 3). Set process by 4 V forward/reverse sweep with 1 mA compliance current limit. 
(Step 4). Backward scan effect in SiOx-device. (b) The single forming process of Ag/AlOx/ITO 
RRAM devices. 
